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1 Introduction
Spectroscopy has made an outstanding contribution to the present state of our un-
derstanding about the structure of atoms and molecules. In the case of molecules,
details about the geometry, conformation and even accurate values of bond lengths
and bond angles can be obtained from their spectra. This information can be de-
rived from the absorption or emission spectra, which are generated on interaction
of electromagnetic radiation with matter. Based on the frequency of the elec-
tromagnetic radiation used, different kinds of information can be obtained as a
result of such interactions, as can be seen in Figure 1.1. Molecules may undergo
rotational, vibrational, electronic or ionization processes, in order of increasing
energy. They may also scatter light in a Raman process.
Figure 1.1: Regions of the electromagnetic spectrum.
1
1 Introduction
Most of our knowledge about the universe comes from analysis of electromag-
netic radiation coming from the space. Spectroscopy is the means used to de-
termine the chemical composition and physical conditions in distant stars and
interstellar clouds. It also enables us to measure the rate of expansion of the
universe, the mass of a galaxy, the masses of two stars in orbit about each other,
the dark matter content of galaxies, discover a black hole or an exoplanet around
other stars, all using the Doppler shift.
The roots of modern spectroscopy go back to 1666, when Issac Newton first
demonstrated that sunlight passing through a prism could be dispersed into a
continuous series of colours, similar to the rainbow [1]. However, the first major
breakthrough came 150 years later, when Joseph von Fraunhofer observed a large
number of fine dark lines in the solar spectrum [2]. This phenomenon was not
understood until the work of Gustav Kirchhoff and Robert Bunsen [3] in the
1850s. Armed with the theory of absorption and emission and knowledge that
each atom and molecule produced a unique and characteristic spectrum, they
proposed that these lines were due to the selective absorption of a continuous
spectrum produced by the hot interior of the sun by cooler gases at the surface;
hence laying the foundations of modern spectroscopy.
The quantum leap however came with the development of lasers. With the
kind of impact lasers have made in spectroscopy, it would not be wrong to call
them as The Light of Knowledge˝ . Many experiments which could not be carried
out before, because of lack of intensity or insufficient resolution, are now readily
done with lasers. Laser lines span the whole spectral range from the vacuum-
ultraviolet to the far-infrared region. Of particular interest are the continuously
tunable lasers, which in combination with frequency mixing techniques provide a
light source at any desired wavelength above 100 nm. The development of tunable
lasers in UV/Vis region has provided the means to study the electronic processes
taking place in atoms and molecules. Another big leap in spectroscopy came from
the advancements made in supersonic free jet expansion technology. Together
with a molecular source like electric discharge [4] or laser ablation source [5],
it provides an effective way to produce isolated transient molecules at very low
2
temperatures. The resulting spectra are less congested due to low population of
excited rovibronic levels and reduced Doppler broadening at lower temperatures,
and hence easier to interpret. Multiphoton ionization method coupled with a time-
of-flight mass spectrometer can be utilised for sensitive detection of molecules of
desired mass. Combined together with lasers and a suitable molecular source, it
provides a powerful technique to study the electronic transitions in the desired
molecule. Chapter 2 gives a theoretical background about the processes discussed
here, whereas Chapter 3 focuses on the details of the experimental set-up.
Transition-metal sulfides play an important role in various biological and in-
dustrial applications [6–9] and have also been of astronomical interest since the
discovery of TiS [10], YS [11], and ZrS [12] in S-type Mira variable stars. There
have been relatively few studies on their electronic transitions when compared
to the isoelectronic monoxides [13, 14]. Moreover, these investigations have been
mostly directed towards the 3d transition metal monosulfides [15–23]. In the case
of 4d transition metals, electronic transitions have been studied only for the mono-
sulfides of yttrium [24–26], zirconium [27–30], niobium [31,32] and rhodium [33].
The first gas phase detection of silver monosulfide, along with the analysis of the
observed electronic transitions is presented in Chapter 4.
Titanium dioxide is of importance in various industrial and technological ap-
plications. It is the most widely used white pigment because of its brightness,
high refractive index, UV absorbing capabilities and resistance to discolouration,
and has applications in paints, coatings, plastics, papers, inks, foods, medicine,
sunscreen etc. [34]. As a thin film, its refractive index and colour make it an
excellent reflective optical coating for dielectric mirrors [35]. TiO2 is a photocat-
alyst under UV radiation and its catalytic activity can be extended to the visible
by doping with other metals [36]. Thin films of TiO2 are a major component of
dye-sensitized solar cells [37]. It is also used as a large bandgap material in the
semiconductor industry. Titanium containing molecules are of interest to astro-
chemists as it is one of the more abundant transition metals in space [38]. TiO [39]
and TiH [40] have been detected in atmospheres of cool M-type stars; TiO being
the main opacity source in the atmospheres of these stars in the visible and near
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infrared [41]. TiO2 is believed to play an important role in dust formation pro-
cesses in circumstellar shells of oxygen-rich stars [42]. Recently, there has been a
detection of TiO2 in the oxygen-rich circumstellar shell around the late M-type
supergiant star VY Canis Majoris via rotational transitions [43]. There are many
unidentified emission features towards VY Canis Majoris in the optical region [44]
and TiO2 is considered as a potential carrier for some of these [45]. Given this
diverse interest, electronic spectra of TiO2 have been recorded and analysed, the
details of which are provided in Chapter 5.
Going down the group, just below titanium, there is zirconium. ZrO2 has at-
tracted attention in recent years due to its interesting properties and is being
used for many engineering and industrial applications. Because of its high ther-
mal stability, it is widely used in the production of ceramics [46]. Its high ionic
conductivity (and a low electronic conductivity) makes it one of the most use-
ful electroceramics [46]. Its high mechanical stability and resistance to abrasion
makes it an ideal candidate for use as protective coating on particles of titanium
dioxide pigments [46]. Due to its high refractive index, as a refractory material,
it has many applications similar to titanium dioxide. It is also a high-k dielectric
material [47] with potential applications as an insulator in transistors. ZrO2 is
also a molecule of astrophysical interest as the monoxide, ZrO is an important
component in atmospheres of certain late type stars [48,49]. ZrO has considerable
significance in distinguishing M and S-type stars [50], as it is one of the main
absorption features in the spectra of S-type stars. In stars with a very high mass
loss rate, ZrO2 clusters may form in large enough quantities to play a role as
seed particle in dust formation processes [51]. Chapter 6 gives details about the
electronic spectra of ZrO2.
Research on pure silicon species, Sin has been driven by technological appli-
cations in the semiconductor industry [52] and astrochemical interest as a result
of identification of many silicon containing molecules in stellar and interstellar
atmospheres [53]. Another motivation has been to understand the difference in
the geometries of silicon and carbon clusters, despite both having similar elec-
tronic structures. Small silicon clusters have non-linear three-dimensional geome-
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try [54,55], in contrast to carbon species which are either in linear or monocyclic
ring form [56]. The detection of isovalent SiC2 [57–59] and C3 [60,61] in space has
resulted in great spectroscopic interest in Si3. The electronic spectra of Si3 in the
visible part of electromagnetic spectrum is presented in Chapter 7. The spectral
analysis shows that the molecule exists in two distinct geometries: D3h and C2v.
Over the last decades, the study of carbon species has attracted interest due
to their relevance in fields like combustion, plasma, thin film chemistry and as-
trophysical environments [56, 62]. Linear chains, monocyclic and polycyclic rings
and fullerene structures have been proposed for various carbon species [56]. The-
oretical calculations predict the cumulenic chains to be the most stable isomer for
odd numbered members of the series, Cn (n = 4 − 9), while the linear structure
is nearly iso-energetic with the monocyclic ring for the even ones [63]. The cyclic
form is favoured for n ≥ 10 [64]; however, previous studies show that the linear iso-
mer could be produced under certain experimental conditions [65,66]. The ground
electronic states of several Cn species are known from electronic spin resonance
(ESR) studies in solid matrices [67] and high resolution infrared (IR) absorption
studies in the gas phase [65,66,68–79]. The electronic spectra of molecules n > 3
have been studied using matrix isolation spectroscopy for the odd numbered linear
chains up to n = 21 [80,81], their even counterparts up to n = 14 [82–84] and the
even numbered monocylic rings containing n=6− 14 carbon atoms [84–86]. Gas
phase identification of excited electronic transitions has been possible for linear
chains C4−6,8,9 [87–89], monocyclic rings C14,18,22 [90, 91] and the fullerenes C60
and C70 [92]. In this context, Chapter 8 presents the gas phase electronic spectra
of the (2)3Σ−u − X3Σ−g transition of C6 and C8, and the 1Σ+u − X1Σ+g transition
of C7 and C9.
Lastly, Chapter 9 concludes and provides an outlook of this work.
5
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2 Background
2.1 Electronic Spectroscopy
The Born-Oppenheimer approximation [1], i.e. the separation of electronic and
nuclear motion in a molecule, forms the basis of molecular spectroscopy. The
nonrelativistic Hamiltonian operator is given by
Hˆ=
−~2
2
∑
α
∇2α
Mα
− ~
2
2me
∑
i
∇2i+
∑
α
∑
β>α
ZαZβe
2
4πǫ0rαβ
−
∑
α
∑
i
Zαe
2
4πǫ0riα
+
∑
i
∑
j>i
e2
4πǫ0rij
,
Hˆ = TˆN + Tˆe + VˆNN + VˆeN + Vˆee,
where α, β denote the nuclei in a molecule and i, j the electrons. TˆN , Tˆe, VˆNN , VˆeN ,
Vˆee indicate the nuclear and kinetic energy, nuclear-nuclear repulsion, the electron-
nuclear attraction and the electron-electron repulsion, respectively. There is no
direct solution for the Schrödinger equation Hˆψ = Eψ, with this Hamiltonian
operator. However, it can be solved by applying the Born-Oppenheimer approxi-
mation, and separating electronic and nuclear motion. The electronic structure is
solved by fixing the position of nuclei and solving the pure electronic equation
Hˆelψel = Eelψel,
in which
Hˆel = Tˆe + VˆeN + Vˆee.
Figure 2.1 shows schematic of energy levels for a diatomic molecule.
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Figure 2.1: Schematic of energy levels for a diatomic molecule.
2.1.1 Molecular Orbitals
The electronic Schrödinger equation can be solved approximately by constructing
a set of molecular orbitals (MOs) in which each MO is a linear combination of
atomic orbitals (LCAOs) [2]
φMO =
∑
ciφi.
The total wavefunction is a Slater determinant of MOs [3],
| ψel = φMO(1)φ¯MO(2)... |.
Information about the electronic structure can therefore be derived from consid-
eration of the shapes of the MOs constructed as LCAOs.
The selection rules for electronic transitions are derived through the use of the
transition moment integral
∫
ψ∗el,f µˆ ψel,i dτ .
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Here ψel,f and ψel,i are eigenfunctions in the upper and lower states, and µˆ is
the dipole moment of the system of nuclei and electrons for a definite electronic
configuration. If the value of this integral is zero the transition is forbidden. The
integral itself need not be calculated to determine a selection rule. It is sufficient to
determine the symmetry of transition moment function, ψ∗el,f µˆ ψel,i. If the integral
contains the totally symmetric irreducible representation of the point group, the
transition is allowed; otherwise, it is forbidden.
2.1.2 Vibrational Structure
Within the Born-Oppenheimer approximation, the separation of vibrational and
electronic motion leads to the concept of associating electronic states with poten-
tial energy surfaces [2]. For a diatomic molecule, the potential energy function
V(r) is a function of a single variable, the internuclear distance, r. For a poly-
atomic molecule V(Qi) is a function of 3N −6 (3N−5 in case of linear molecules)
internal coordinates, which can be expressed in terms of normal modes. This gives
rise to a multidimensional potential energy surface for each polyatomic electronic
state, compared to a simple one dimensional case for a diatomic molecule.
The solution of the Schrödinger equation for nuclear motion on each potential
energy surface of a polyatomic molecule provides the corresponding vibrational
frequencies and anharmonicities for each electronic state, given by [4]
G(vi) =
∑
r
ωr(vr +
dr
2
) +
∑
r,s>r
xrs(vr +
dr
2
)(vs +
ds
2
) +
∑
t,t′>t
gtt′ ltlt′ .
In this equation, the ωr are the harmonic vibrational frequencies, each with a
corresponding degeneracy term dr, the xrs and gtt′ are the anharmonic corrections,
where t refers to degenerate modes with vibrational angular momentum lt. For a
diatomic molecule, this equation reduces to
G(v) = ωe(v +
1
2
)− ωexe(v + 12)2.
A vibronic transition frequency is given by the difference between two vibronic
term values, i.e.,
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ν˜ = ∆Te +G
′(v′1, v
′
2, ...)−G′′(v′′1 , v′′2 , ...),
in which ∆Te is the minimum potential energy difference between the two states.
The vibrational selection rules for an allowed electronic transition are deter-
mined from the Franck-Condon principle [5, 6]. The intensity of the vibronic
transition is proportional to the square of the transition moment integral,
Me′v′e′′v′′ =
∫
ψ∗e′v′ µˆ ψe′′v′′ dτev.
The Born-Oppenheimer approximation seperates electronic and nuclear motion,
ψe′v′e′′v′′ = ψe′e′′ψv′v′′ . So, transition moment integral becomes
Me′v′e′′v′′ =
∫
ψ∗e′ µˆ ψe′′ dτel
∫
ψ∗v′ψv′′ dτv = Me′e′′
∫
ψ∗v′
1
ψv′′
1
dQ1
∫
ψ∗v′
2
ψv′′
2
dQ2....
Within the realm of the Born-Oppenheimer approximation and normal mode ap-
proximations [2], the transition moment integral is comprised of an electronic
transition dipole moment
Me′e′′ = Re = 〈ψe′ | µˆ |ψe′′〉
and a product of 3N−6 (3N−5) vibrational overlap integrals, and can be written
as
Me′v′e′′v′′ = 〈ψe′| µˆ |ψe′′〉 〈v′1|v′′1〉 〈v′2|v′′2〉 ....
For a totally symmetric vibration, the selection rule for v is
∆vi = 0,±1,±2, ...,
and intensity is determined by the Franck-Condon factor
qv′
i
−v′′
i
=|∫ ψ∗v′
i
ψv′′
i
dQi |2.
For non-totally symmetric vibrations, the Franck-Condon factor vanishes for vi
values such that
∆vi = ±1,±3,±5, ...
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because the product Γψv′ ⊗ Γψv′′ does not contain the totally symmetric irreducible
representation. For an allowed transition, the nonsymmetric vibrational modes
obey the selection rule
∆vi = ±2,±4,±6, ...
within the harmonic approximation.
2.1.2.1 Herzberg-Teller Effect
Although forbidden, often nonsymmetric vibrational transitions occur in an elec-
tronic transition with the selection rule ∆vi = ±1,±3,±5, .... These forbidden
electronic transitions become allowed by vibronic coupling, as first explained by
Herzberg and Teller [2, 4, 7]. This requires that the transition moment integral
∫
ψ∗vibronic′ µˆ ψvibronic′′ dτ
be considered for the total vibronic symmetry (Γvibronic = Γel ⊗ Γvib).
The intensity of the vibronic transition depends on the degree of mixing of the
vibrational and electronic wavefunctions and can be derived using perturbation
theory. The Schrödinger equation of the fixed equilibrium configuration for a
set of zeroth-order electronic and harmonic wavefunctions without the effects of
vibronic coupling is given by
Hˆ0eψ
0
e = Eeψ
0
e .
Vibronic coupling is derived by expanding the electronic Hamiltonian operator in
a Taylor series
Hˆe = Hˆ
0
e +
∑
i
(
∂Hˆe
∂Qi
)Qi=0 Qi + ....
Truncating the expansion to the first term gives the perturbation operator as
Hˆ ′ =
∑
i
(
∂Hˆe
∂Qi
)Qi=0 Qi .
The degree of mixing is determined as the ratio of the magnitude of the vibronic
coupling matrix element 〈ψ0k| Hˆ ′ |ψ0f 〉 and the separation (E0f − E0k) between the
interacting electronic states ψf and ψk.
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2.1.2.2 Jahn-Teller Effect
The Jahn-Teller effect [2,4,7,8] also violates the selection rule ∆ vi=±2,±4,±6,...,
for non-symmetric vibrations in an electronic transition. According to Jahn-Teller
theorem [8], any non-linear molecular system in a degenerate electronic state will
be unstable and will undergo distortion to form a system of lower symmetry
and lower energy thereby removing the degeneracy. This is a consequence of a
breakdown in the Born-Oppenheimer approximation. Using the same approach as
was used for Herzberg-Teller effect, a perturbation operator Hˆ ′ can be considered
responsible for the mixing of vibrational and electronic wavefunctions. If ψa and
ψb are linearly independent orbitally degenerate wavefunctions, then Hˆ ′ will lift
their degeneracy if there is a non zero matrix element between them, i.e.,
∫
ψ∗a Hˆ
′ ψb dτe =
∑
i
∫
ψ∗a (
∂Hˆe
∂Qi
)Qi=0 Qi ψb dτe 6= 0.
This will be nonzero only if ΓQi ⊗ (Γψa ⊗ Γψb)sym contains the totally symmetric
irreducible representation. In the case of all degenerate states, a non totally
symmetric vibrational distortion (Qi) is present [8], lowering the symmetry of the
molecule. This is shown schematically in Figure 2.2.
Figure 2.2: Schematic of Jahn-Teller distortion along a doubly degenerate vibra-
tion coordinate.
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For molecular systems with half-closed-shell electronic configurations, which
produce totally symmetric charge distribution and are not subject to the Jahn-
Teller effect, distortions may occur due to the strong pseudo Jahn-Teller mixing
of two excited states, which is a second order effect.
2.1.2.3 Renner-Teller Effect
Another breakdown in the Born-Oppenheimer approximation is the Renner-Teller
effect [2,4,7], which occurs in linear molecules as a result of an interaction between
vibrational and electronic angular momenta for states in which Λ 6= 0. The levels
associated with bending modes are shifted in energy, due to this interaction. The
Renner-Teller effect occurs because the double orbital degeneracy is lifted when a
linear molecule bends during vibrational motion (Figure 2.3). As a linear molecule
bends, the two potential curves V+ and V− becomes distinct.
Figure 2.3: Schematic of Renner-Teller distortion along a doubly degenerate vi-
bration coordinate.
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2.1.3 Rotational Structure
For electronic or vibronic transitions there is a set of accompanying J states
between manifolds of rotational levels associated with upper and lower electronic
or vibronic states. A particular rovibronic transition occurs at a line position with
ν˜ = ∆Te +G
′(v′) + F (J ′)−G′′(v′)− F (J ′′),
where G(v) and F (J) are vibrational and rotational energy level expressions, and
Te is the equilibrium transition energy between the states. The rotational structure
depends on the vibronic symmetry of the ground and excited states, and the
relative change in geometry between them [4, 9].
2.1.4 Fine Structure
The nonrelativistic Schrödinger equation is not complete [10] and additional rel-
ativistic terms need to be added to the Hamiltonian. The largest additional term
is needed to account for the presence of electron spin, Hˆes, and is called fine struc-
ture. This term includes spin-orbit, spin-rotation and spin-spin coupling, namely,
Hˆes = Hˆso + Hˆsr + Hˆss.
The effects of Hˆes are present in non-singlet multiplicity cases.
2.2 Multiphoton Spectroscopy
In a multiphoton process, a molecule can undergo a transition Ei → Ef by ab-
sorbing two or more photons. The first theoretical treatment of such a process
was reported in 1931 by Göppert-Mayer [11], but the experimental realization [12]
had to wait for the development of intense light sources provided by lasers.
The transition probability for a multiphoton process can be formulated using
time dependent perturbation theory. Consider the simple case of a two-photon
process, where a molecule undergoes a transition from the initial level 〈i| to the
final level 〈f | via an intermediate level 〈k|. The transition probability for the
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two-photon process, W (2), taking into account only the lowest order term of the
radiation-molecule interaction, is given
W (2) ∝ I2 |
∑
k
〈f |µˆ|k〉 〈k|µˆ|i〉
∆Eki − ~ωr |
2,
where I is the intensity of laser, ∆Eki is the energy difference between intermediate
and initial states, µˆ is the dipole moment and ωr is the laser frequency. This
equation shows that the two photon transition probability is proportional to the
square of laser intensity. Moreover, n-photon transition probability is proportional
to In, which is the formal intensity law for multiphoton transition.
The In dependence does not hold true under all conditions. It is valid for cases
of low-intensity laser experiments, long lived intermediate states for short pulse
times, and before the steady state condition is satisfied. The use of high-intensity
lasers may result in saturation of population between the intermediate and ground
states and make it easy to reach a steady-state condition. A pure quadratic
intensity dependence that obeys the formal intensity laws is observed for laser
intensities below 107Wcm−2 [13]. Above this threshold value, the dependence
changes from quadratic to roughly linear.
2.2.1 Resonant Absorption
For a two photon process, when the laser frequency is tuned to the energy differ-
ence between the intermediate and lower state, there is a drastic increase in the
two-photon signal. This process is called a resonant two-photon transition. This
process can be explained mathematically; when
ωr =
∆Eki
~
the denominator of the above equation becomes zero and the transition probability
goes to infinity. However, the energy levels of the intermediate state are not
infinitely narrow but have a width, hence the transition probability is never infinity
in the real case. Figure 2.4 presents the level schemes for resonant and non-
resonant two photon transitions.
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Figure 2.4: Level schemes for (A) resonant and (B) non-resonant two photon
transitions.
The vibronic structure appearing in the resonant multiphoton transition is gen-
erally different from that in a non-resonant one: in the former the vibronic struc-
ture reflects the potential differences between the initial, resonant and final states,
while in the latter the vibronic structure is mainly determined by the overlap in-
tegral between the initial and final states, due to large energy mismatch to the
intermediate state.
2.2.2 Resonance Enhanced Multiphoton Ionization
In a multiphoton process, the photons can either be absorbed simultaneously or
sequentially. Simultaneous absorption of more than one photon is rarely observed
in nature. However, a sufficiently intense laser can cause molecules to simultane-
ously absorb enough photons to ionize. Under typical conditions, the ionization
rates decrease rapidly with the number of photons required.
The ionization rate for any molecule can be greatly enhanced when ionized se-
quentially and the absorption steps (resonances) are provided by stable states that
can accumulate a population. This process is called resonance enhanced multi-
photon ionization (REMPI). Spectra can be obtained by monitoring the photo-
electrons or laser generated cations. These spectra reflect the properties of the
initial and resonant intermediate excited states. The final absorption step which
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produces the ion does not influence the spectrum strongly, due to ejection of an
electron being a much faster process. Several schemes for can be adopted based
on the number and colour of photons used.
2.2.2.1 One-Color Two-Photon Scheme
In one-color two-photon [1+1] scheme, the laser is scanned through the electronic
transitions of the molecule of interest, so that resonant photons excite the molecule
to the intermediate state. The molecule then absorbs a second photon for ion-
ization. In this scheme the energy of a photon must be ≥ 1/2 of the ionization
potential (IP). This technique was used to record the UV spectra of carbon chains,
C6,7,8,9 during the course of this work.
2.2.2.2 Two-Color Two-Photon Scheme
In a two-color two-photon [1+1’] scheme, the first laser is scanned through the
electronic transitions and a second colour of a fixed frequency is used to ionize
the molecules from the resonant excited intermediate state. The sum of the two
photon energies from both lasers should be more than the IP of species of interest.
The energy of the ionization photon varies depending on the transition frequency
and IP of the molecule under investigation. During the course of this study, 3.5 eV,
4.7 eV, 6.4 eV, 7.9 eV and 10.5 eV photons were used for ionization. This scheme
was employed to record UV/Vis spectra of several molecules presented herein.
2.2.2.3 Multiphoton Schemes
Higher order process like [2+1] or [2+1’] may be used in cases where one photon is
not enough to bring the molecule to the excited state. However, such schemes are
rarely employed due to drawbacks like smaller absorption cross-section, different
selection rules for multi-photon excitation and requirement of more powerful lasers.
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2.3 Supersonic Free Jet Expansion
When a gas is expanded adiabatically through a small nozzle from a high pres-
sure region to a low pressure region, the conversion of internal energy of the gas
into kinetic energy leads to decrease in translational, vibrational and rotational
temperatures [14]. This decrease in temperature reduces the Doppler broadening
significantly. The partial cooling of rotational and vibrational degrees of free-
dom simplifies the otherwise congested molecular spectrum, providing an easier
analysis.
The gas emerges through a small nozzle of diameter D from a high pressure
source (P0, T0) to a low pressure (P ) region at a sonic speed (Mach number,
M = 1). Beyond the nozzle exit, the flow becomes supersonic (M > 1), and
the temperature and density of a gas decrease with increasing distance from the
nozzle. At some point shock waves appear, reducing the M to subsonic values.
This causes the pressure to increase in the region, until the Mach disk appears
normal to the flow at a distance xm from the nozzle given by
xm = 0.67D
√
P0
P
.
2.4 Time-of-Flight Mass Spectrometry
Time-of-flight (TOF) mass spectrometry is a method of mass spectrometry in
which an ion’s mass-to-charge (m/Z) ratio is determined via a time measurement.
A TOF mass spectrometer uses the differences in transit time through a drift
region to separate ions of different masses. It operates in a pulsed mode so ions
must be produced or extracted in pulses.
The potential energy PE, of a charged particle in an electric field is related to
the charge of the particle and to the strength of the electric field:
PE = ZV ,
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where Z is the charge of the particle, and V is the electric potential difference.
When the ion is accelerated into TOF tube by the voltage V , its potential energy
is converted to kinetic energy. The kinetic energy KE of any mass m is:
KE = 1
2
mv2.
Since, the potential energy is converted to kinetic energy,
qV = 1
2
mv2.
The velocity of the charged particle after acceleration will not change since it
moves in a field-free TOF tube. The transit time t through the drift tube of
length D is
t =
D
v
=
D√
2V
√
m
Z
.
Thus the mass-to-charge ratios can be determined from this equation if the exact
drift length and acceleration potential are known. However, the direct relation is
rarely used. In most cases, calibration of the TOF spectrometer is performed
through empirical determination of the TOF of a pair of known masses. This
allows constants a and b in the equation
ti = a
√
(
m
Z
)i + b
to be determined and, afterwards, any experimental TOFs, t, to be converted to
a m/Z value to identify the unknown ions.
The resolution of the mass spectrometer is defined broadly as the ability to
distinguish two ions of adjacent masses. If all ions were formed in a plane parallel
to the electrodes and with zero initial velocity the flight time would be same
for all ions which have the same m/Z, and the resolution would be limited by
the detecting equipment. In practice, however, the resolving power of a TOF
spectrometer depends on its ability to reduce the time spread caused by the initial
space and kinetic energy distribution. Ions of the same mass formed at the same
time with the same initial kinetic energy, but at different locations in the extraction
field will receive different kinetic energies from the electric field. This initial spacial
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distribution will therefore result in different arrival times for otherwise identical
ions. A solution for this is to employ a dual-stage ionization region of three
electrodes [15].
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3 Experimental
The experimental setup used to study the electronic spectra of transient molecules
is depicted in Figure 3.1. It consists of a molecular source, the ionization region,
time-of-flight mass spectrometer (TOF-MS) and the detection system.
Figure 3.1: The experimental setup.
Transient molecules are produced either in an ablation or a discharge source un-
der supersonic expansion conditions and a collimated molecular beam is produced
by a skimmer ∼ 50 mm downstream. Ions are removed before the molecular beam
enters the ionization region of a TOF-MS, by applying 300 V electric potential
on a skimmer. Neutral molecules are then sequentially ionized using resonance
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Figure 3.2: Ablation source.
enhanced multiphoton ionization (REMPI) technique; the resulting ions are ex-
tracted in a two stage acceleration set-up and detected by a micro-channel plate
(MCP) ion detector. This technique allows the recording of absorption spectra of
many species with different m/Z at the same time. Its greatest advantage lies in its
mass selectivity, which allows one to make an unambiguous assignment of absorp-
tion features to a particular species; biggest disadvantage being its applicability
only in the case of neutral molecules.
3.1 Molecular Sources
Two molecular sources were used for the experiments discussed in this work: dis-
charge source and laser ablation source.
3.1.1 Ablation Source
The ablation source (Figure 3.2) relies on the conventional laser vaporization of a
solid elemental/alloy rod [1–4]. The rod is rotated and translated so that a fresh
surface is continuously exposed to the laser (50 mJ/1064 nm or 25 mJ/532 nm,
5 ns pulse of Nd:YAG, focused into 0.3 mm spot) which is fired to coincide with
a pure helium or a gas mixture flowed over the target area. Vaporized material
is passed through a 5 mm long and 3 mm diameter tube with a buffer gas under
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6-10 bar backing pressure and expanded into a vacuum chamber. The gas mixture
consisted of 0.5−5% precursor (O2, CH4, C2H2, C4H2, C3H4 etc.) with helium as
the buffer gas. The mass distribution of the products of ablated titanium in the
presence of 5% O2/He is shown in Figure 3.3.
Figure 3.3: Mass spectrum of titanium ablation in the presence of 5%O2/He at
7.9 eV ionization energy.
3.1.2 Discharge Source
The pinhole discharge source (Figure 3.4) is based on the design of Ohshima and
Endo [5]. A mixture of 0.5−5% precursor (CS2, CH4, C2H2, C4H2, C3H4 etc.)
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with helium as the buffer gas is expanded under 6−10 bar backing pressure into
vacuum through the ceramic body. A gas pulse generated by an electromagnetic
valve (General Valve 106, ∅ 0.7) is computer controlled. The amount of gas
released is varied by manipulating the width of the opening time. Adjusting this
in accord with the pressure in the source chamber allows one to keep the latter
constant and thus ensuring stable operating conditions. A 100-200 µs long high
voltage pulse (-700−900V) from a homebuilt power supply is applied between
the stainless steel or silver electrodes placed on either side of the 2−10 mm thick
insulating spacer. The channel has a diameter 1 mm, except for the insulator
section where it is enlarged to 2 mm in order to create a localized plasma region.
Source stability is better when the outer electrode is grounded while the inner one
is pulsed negatively. The whole nozzle system is mounted on an XYZ translation
stage, allowing variation around a solid angle sampled by the skimmer. This gives
control over the concentrations of species and their rotational temperature during
the experiment.
Figure 3.4: Discharge source.
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3.2 Vacuum System
The experimental apparatus consists of two chambers, a source chamber and a
TOF mass spectrometry chamber, separated by a 2 mm diameter skimmer and
subjected to differential pumping. The source chamber consists of a large stainless-
steel cross-piece (25 cm in diameter and about 15 dm3 capacity) evacuated by a
large turbo-molecular pump (Oerlikon Turbovac T1600, 1550 ls−1) being backed
by a turbo-pumping station (Pfeifer HiCube 80 Eco, 67 ls−1). The pressure ob-
tained in the chamber without operating the molecular source was at the level of
∼ 10−6mbar, and typically 1−2 × 10−5 mbar when operating the source at 20Hz
with a backing pressure of 8 bar. The second chamber hosted the TOF mass
spectrometer and ion detector, and required vacuum on the order ∼ 10−7 mbar.
This requirement is achieved through the use of two turbo-molecular pumps: a
210 ls−1 Pfeifer TMU261 pump (backed by a 10 m3h−1 mechanical pump, Pfeifer
DUO10) is located near the region where the lasers interact with the molecules
(extraction plates of TOF) and a 260 ls−1 Pfeifer HiPace 300 pump (backed by
another 10m3h−1 mechanical pump, Pfeifer DUO10) secures the MCP detector.
A set of gauges are employed to indicate vacuum levels in the machine. Low
vacuum, 1000 − 10−3 mbar, is monitored by Pirani-type gauges (Balzers TPR)
whereas high vacuum in the range 10−3 − 10−8 mbar is diagnosed by Penning
ionization gauges (Balzers IKR251). The pressure readings of the gauge in the
source chamber are sent via RS232 port to a computer for feedback control of the
valve driver program [6] to keep the pressure constant during the experiment.
3.3 Light Sources
In the nanosecond time regime, various lasers were used to get the tunable photons
required for excitation of molecule on resonance. For low resolution measurements,
output in the 210 − 2300 nm range can be obtained from an optical parametric
oscillator laser (Ekspla NT342, ∼ 5 cm−1 bandwidth, 10 ns), which is pumped
by third harmonic of an in-built Nd3+:YAG rod. The high resolution measure-
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ments were done using either a single grating dye laser (Lambda Physik Scanmate
∼ 0.15 cm−1 bandwidth, 370 − 960 nm) or a dual grating dye laser (Continuum
Jaguar ∼ 0.06 cm−1 bandwidth, 400 − 700 nm); both pumped by second/third
harmonic of an Nd3+:YAG laser (Continuum Powerlite, 10 ns). A tunable UV ra-
diation from 210− 350 nm can be produced by frequency doubling the output of
a dye laser using a BBO crystal. For the ionization step, excimer laser filled with
ArF (Lambda Physik RD-EXC-5, 6.4 eV, 2 ns) or F2 (Lambda Physik RD-EXC-
20, 7.9 eV, 2 ns) was used based on the energy considerations for the molecule
under study. All the experiments with ns lasers were done at 20 Hz repetition
rate.
In the picosecond regime, photons for both excitation and ionization steps are
provided by an Nd3+:YAG pumped optical parametric oscillator laser system (Ek-
spla 2143 Series/PG421, 10 Hz, 2 cm−1 bandwidth) with 30 ps pulses. This system
has a tunable output in the 210 − 2300 nm range and a fixed wavelength output
at either 355 nm or 266 nm, either of which can be used for the ionization step.
For one of the experiments, tunable radiation was produced by Raman shifting
the output of a Ti:Sapphire based pulsed amplification system [7] (∼ 0.001 cm−1
bandwidth) on the first Anti-stoke’s line of H2. The Raman cell consist of a 1.2
m long tube filled with 40 bar of H2 and anti-reflection coated glass windows on
both ends. The output from the laser is focused inside the cell using a 50 cm focal
length lens. On the output end, a band pass filter is used to cut the unscattered
and higher order radiation.
A high energy ionization source, with 10.5 eV (118.2 nm) output corresponding
to ninth harmonic wavelength of a Nd3+:YAG laser, was also developed as part of
the study. Herein up to the third harmonic, conversion is carried out in nonlinear
crystals (doubling and subsequent mixing) which is followed by tripling in a xenon
gas cell. The reason for the popularity of this arrangement comes from the fortu-
nate coincidence of generated wavelength with the region of negative dispersion of
xenon caused by the vicinity of the 5p-5d transition of Xe at 119.2 nm. Therefore,
achieving the phase-matching condition is possible; these can be tuned by varying
the Xe gas pressure [8]. The lack of conversion efficiency due to non-optimal res-
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onance match can be compensated by a high intensity of incident radiation. The
10.5 eV radiation was produced by focusing the 355 nm radiation from either a
ns (40 − 50 mJ) or ps (2 − 3 mJ) laser onto the centre of an isolated 50-cm long
stainless steel gas cell. A quartz Brewster angle window was at the entrance of
the gas cell, and ∼ 23 cm focal length (at 118.2 nm) MgF2 lens was located at the
exit (vacuum chamber side). This lens also provides the high vacuum seal between
the gas cell and the ionization chamber of the vacuum system. Pure xenon, or a
mixture of xenon and argon was used to get the desired output at 118.2 nm.
3.4 Time-of-Flight Mass Spectrometer
A Wiley-McLaren type TOF mass spectrometer (MS) [9] with double stage ac-
celeration scheme was used during the present studies. The mass resolution of
the TOFF-MS is ∼ 900, sufficient to separate ions which differ by one mass unit.
A fixed DC voltage of −2 kV is applied on the extraction grids via a potential
divider arrangement. By varying the ratio of voltage on the plates, the space focus
position can be matched with the detector without changing the times of flight,
and, hence, mass calibration. The potential divider arrangement for the current
set-up is shown on the top right of Figure 3.6.
3.5 Ion Detection
The ion detector used in the experiment is a micro channel plate (MCP) detector,
consisting of an array of glass capillaries (10−25 µm inner diameter) that are
coated on the inside with an electron-emissive material. The capillaries are biased
at a high voltage and like the channeltron, an ion that strikes the inside wall
one of the capillaries creates an avalanche of secondary electrons. This cascading
effect creates a gain of 103 to 104 and produces a current pulse at the output. Two
plates are stacked and connected in series, in a V-shaped configuration, so that the
overall gain is 106 − 107. The MCP detectors provide high temporal resolution,
direct conversion, high physical charge amplification, low noise, and pulse-counting
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capabilities. The fast response time (in 100 ps range) and flat geometry (effective
area diameter of 25 mm) are particularly important for TOF-MS applications.
Figure 3.5: Micro channel plate detector.
The detector is operated for positive ion detection (Figure 3.5). Following im-
pact by the positive ion the first plate produces an electron output which is sub-
sequently amplified to more electrons to provide a gain on the ion signal. The
detector gain is governed by the potential applied to the plates (0−1 kV per
plate). The gain selected is determined by the intensity of the ion signal observed
on the oscilloscope and signal saturation is avoided by lowering the detector volt-
age when necessary. The output of the detector is an electron current that is
amplified by a fast, low-noise pre-amplifier and transmitted through a BNC cable
to the oscilloscope (LeCroy LT342, 500MHz, 2 channels) where the accumulation
and digitalization of the data takes place.
3.6 Electrical Arrangement
Figure 3.6 shows the electrical arrangement for the whole setup when the discharge
source is in operation. In the case of ablation source, the discharge pulse is replaced
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by two trigger pulses to the flash-lamp and Q-switch of the ablation Nd3+:YAG
laser.
Figure 3.6: Electrical arrangement of the experiment.
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3.7 Data Handling
Typically 30 laser shots were averaged by the oscilloscope before being transmitted
via a GPIB interface to a Linux based computer. The whole data acquisition
process is controlled by a programm written in LabView. The program can work
in two main modes: mass spectrometer and REMPI spectrometer. The first
mode allows the user to monitor the evolution of the mass spectrum in near
real-time. The computer interrogates the oscilloscope in cycle, requesting it to
digitize and average a set number of laser shots, each of which is followed by a
complete TOF cycle. The resulting waveform can replace the previous one on the
screen of the computer or can be added to it when further signal accumulation is
required. The mass calibration is defined by the operator through an empirical
assignment of two time delays to the two masses. The calibration entered can
be used immediately to convert the mass spectrum’s abscissa axis to mass-to-
charge (m/Z) units. Assessment of correctness of calibration is usually done on
basis of integer values for of all, observable mass-peaks. The peak of interest are
marked and then mass gates applied either manually or automatically, based on
the M0 + iM1 + jM2 template.
In the ‘REMPI spectrometer’ mode the program records the dependence of
the mass-spectrum on the laser wavelength. The computer drives the scanning
laser to the next wavelength, programs the oscilloscope on certain given number
of accumulation cycles, and downloads the acquired waveform. The integrated
intensities of the gated peaks are calculated and stored. The cycle is looped and
the laser is tuned to the next wavelength. The mass-peak area is proportional to
the ion current of the ions with a specific mass, and, in turn, to the ionization
efficiency of the corresponding neutral species. The variation of the peak area
versus laser wavelength provides the REMPI spectrum of the molecule.
42
Bibliography
[1] T. G. Dietz, M. A. Duncan, D. E. Powers, and R. E. Smalley. Laser production
of supersonic metal cluster beams. Journal of Chemical Physics, 74:6511–6512,
1981.
[2] D. E. Powers, S. G. Hansen, M. E. Geusic, A. C. Puiu, J. B. Hopkins, T. G.
Dietz, M. A. Duncan, P. R. R. Langridgesmith, and R. E. Smalley. Supersonic
metal cluster beams: laser photo-ionization studies of Cu2. Journal of Physical
Chemistry, 86:2556–2560, 1982.
[3] P. Milani and W. A. Deheer. Improved pulsed laser vaporization source for pro-
duction of intense beams of neutral and ionized clusters. Review of Scientific
Instruments, 61:1835–1838, 1990.
[4] E. F. Rexer, M. P. Joshi, R. L. DeLeon, P. N. Prasad, and J. F. Garvey.
A reactive laser ablation source for the production of thin films. Review of
Scientific Instruments, 69:3028–3030, 1998.
[5] Y. Ohshima and Y. Endo. Structure of C3S studied by pulsed-discharge-nozzle
Fourier-transform microwave spectroscopy. Journal of Molecular Spectroscopy,
153:627–634, 1992.
[6] T. Motylewski. Cavity Ringdown Spectroscopy of Transient Species. PhD
thesis, University of Basel, Basel, Switzerland, 2001.
[7] R. Chauhan. Development and Application of Laser Methods for Electronic
Spectroscopy of Radicals. PhD thesis, University of Basel, Basel, Switzerland,
2010.
43
Bibliography
[8] A. H. Kung, J. F. Young, and S. E. Harris. Generation of 1182 radiation in
phase-matched mixtures of inert-gases. Applied Physics Letters, 22:301–302,
1973.
[9] W. C. Wiley and I. H. McLaren. Time-of-flight mass spectrometer with im-
proved resolution. Review of Scientific Instruments, 26:1150–1157, 1955.
44
4 Silver monosulfide
The spectroscopic information about AgS is limited as there are no reported ex-
perimental studies and just a few theoretical calculations. Ab initio calculations
and isovalent arguments suggest that AgS has a similar order of electronic states
as AgO [1]. The ground state has been calculated to be 2Π with an electronic
configuration 1σ21δ41π42σ22π3 [1, 2]. Furthermore, the calculations at CASSCF
level predict the first excited state, 2Σ+ to lie ∼ 10 500 cm−1 above the ground
state [1]. A density functional approach at the MCPF-ANO level of theory gave
a bond length of 237 pm and a vibrational frequency of 319 cm−1 for the X2Π
state. The calculated values for the A2Σ+ state were 230 pm and 294 cm−1 [1].
4.1 Experimental
The details of the experimental setup are given in Chapter 3. Briefly, helium
seeded with 0.5% CS2, at a backing pressure of 10 bar, was expanded through
a DC discharge source, consisting of two silver electrodes with a one mm hole
separated by a 2 mm insulator. A 10 µs (700 V, 100 mA) pulse was applied
between the electrodes producing Ag atoms that react with CS2 to form AgS.
The neutral molecules were irradiated with a tunable laser followed by 7.87 eV
photons from an F2 (for near-IR transitions) or 6.42 eV photons from an ArF
(for UV transitions) excimer laser to ionize the excited molecules. An optical
parametric oscillator laser with a resolution of ∼ 5 cm−1 was used to record the low
resolution vibronic spectrum and a ∼ 0.15 cm−1 bandwidth dye laser, to measure
the rotationally resolved spectra. The calculated ionization potential of AgS is
8.46 eV [2].
45
4 Silver monosulfide
4.2 Calculations
Ab initio calculations were performed with the GAMESS package [3,4], to obtain
the transition energies, symmetry, bond lengths, vibrational frequencies and spin-
orbit coupling constants for different electronic states. The MCSCF method was
used, chosen with an active space of 10 molecular orbitals in which 11 electrons
were distributed. The ECP basis set was selected as SBKJC with 3p, 3d and 1f.
The results are in Table 4.1; the states with no bond length listed, have a repulsive
potential. Because the variation of energy with bond length is relatively small,
these might have a minimum with more sophisticated methods, as already men-
tioned in Ref. 1. The negative sign of the spin-orbit coupling constant indicates
that the term is inverted.
Table 4.1: Calculated spectroscopic constants for low-lying electronic states of AgS
at the MCSCF-SBKJC level of theory.
State re/pm ωe/cm−1 Aso/cm−1 Te/cm−1
X2Π 244 (237) 295 (319) -370 -
A2Σ+ 245 (230) 263 (294) - 8 998 (10 457)
B2Σ− - - - 11 852 (16 601)
(1)2∆ - - -2 20 411 (25 520)
(2)2Π - - -78 23 484 (23 527)
(3)2Π 359 -173 30 946 (29 633)
Values in parentheses are the calculated values in Ref. 1.
4.3 Results
There are two stable naturally occurring isotopes of silver: 107Ag (51.84%) and
109Ag (48.16%) and four of sulfur: 32S (95.02%), 33S (0.75%), 34S (4.21%) and
36S (0.02%). The [1+1’] resonance enhanced multiphoton ionization (REMPI)
mass spectrum shows two strong peaks of almost equal intensity at m/Z 139 and
141 and a weak feature at m/Z 143 which are assigned to 107Ag32S, 109Ag32S and
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109Ag34S, respectively. By setting the mass gates on these peaks, it was possible
to record the spectra of all three isotopomers simultaneously.
4.3.1 Electronic transitions in the near-infrared
The low resolution, mass-selected [1+1’] REMPI spectrum of 107Ag32S, in the 9 500
cm−1 to 11 500 cm−1 range is presented in Figure 4.1(A). Five bands of varying
intensity are observed; a strong one at ∼ 10 520 cm−1, two with medium intensity
on either side of it at ∼ 10 043 cm−1 and ∼ 10 835 cm−1, and two weak ones at
∼ 10 196 cm−1 and ∼ 10 353 cm−1. The transitions at 10 520 cm−1 and 10 835
cm−1 were recorded at 0.15 cm−1 resolution, as shown in Figure 4.1(B). Here, the
sequence bands can also be observed to the red. The features at 10 043 cm−1,
10 196 cm−1 and 10 353 cm−1 could not be recorded at higher resolution due to
the limitations of the dye laser in the near-infrared.
MCPF-ANO calculations [1] predict the AgS ground state to have 2Π symme-
try, while A2Σ+ state is estimated to lie at ∼ 10 900 cm−1, quite close to the
observed band system. Furthermore, the observed bands are blue-shaded, con-
sistent with the small decrease in Ag−S internuclear separation that has been
calculated. The assignment of the band system to the calculated A2Σ+ − X2Πi
transition is supported by the analysis below.
Vibronic Analysis: Using combination differences, the bands at 10 196 cm−1,
10 520 cm−1 and 10 835 cm−1, along with the corresponding sequence bands to
the red, can be ascribed to the same vibronic system with 0−0 at 10 520 cm−1,
1−0 at 10 835 cm−1 and 0−1 at 10 196 cm−1. The other two observed features
at 10 043 cm−1 and 10 353 cm−1 are separated by ∼ 480 cm−1 from the peaks at
10 520 cm−1 and 10 835 cm−1. This is due to the spin-orbit splitting of 477(8) cm−1
in the X2Π ground state, which is inverted according to the calculations and in
comparison with isovalent AgO [5] and CuS [6].
The bands at 10 520 cm−1 and 10 043 cm−1 are assigned to the Ω˝= 3/2 and
Ω˝= 1/2 spin-orbit components of the A2Σ+ −X2Π 0−0 transition, respectively.
The peaks at 10 835 cm−1 and 10 353 cm−1 originate from the 1−0 vibronic tran-
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Figure 4.1: (A) Mass-selected [1+1’] resonance enhanced multiphoton ionization
spectrum of the A2Σ+ − X2Πi electronic transition of 107Ag32S at 5
cm−1 resolution; (B) The Ω˝= 3/2 component of the 0−0 and 1−0
transitions along with the sequence bands, recorded with 0.15 cm−1
laser bandwidth.
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Table 4.2: Band maxima and isotopic shifts (in cm−1) for the A2Σ+ −X2Π elec-
tronic transition of 107Ag32S, 109Ag32S and 109Ag34S.
107Ag32S 109Ag32S 109Ag34S
Banda Offsetb Banda Isotopic Banda Isotopic
shiftc shiftd
Obs. Calc. Obs. Calc.
A2Σ+ −X2Π3/2
0−1 10 196(8) -324 10 196(8)
3−3 10 478.52 -41.65 10 478.63 0.11 0.10
2−2 10 492.84 -27.33 10 492.90 0.06 0.07 10 493.56 0.72 0.81
1−1 10 506.71 -13.46 10 506.76 0.05 0.04 10 507.32 0.61 0.49
0−0 10 520.17 0 10 520.17 0.00 0.01 10 520.33 0.16 0.16
4−3 10 785.27 265.10 10 784.63 -0.64 -0.58
3−2 10 802.72 282.55 10 801.90 -0.82 -0.60
2−1 10 818.29 298.12 10 817.71 -0.58 -0.63 10 811.44 -6.85 -7.47
1−0 10 834.74 314.57 10 834.03 -0.71 -0.66 10 827.15 -7.59 -7.80
A2Σ+ −X2Π1/2
0−0 10 043(8) -477 10 043(8)
1−0 10 353(8) -167 10 353(8)
a Error in measurement is 0.05 cm−1 unless stated otherwise.
b Shift from the 10 520.17 cm−1 band.
c ν˜ 109Ag32S − ν˜ 107Ag32S.
d ν˜ 109Ag34S − ν˜ 107Ag32S.
Table 4.3: Vibrational constants (in cm−1) for the X2Π and A2Σ+ states of AgS.
107Ag32S 109Ag32S 109Ag34S
X2Π
ωe˝ 331.6(2) 331.0(2) 323.1(3)
ωexe˝ 1.3(1) 1.3(1) 1.0(3)
A2Σ+
Te 10 528.3(2) 10 528.3(2) 10 528.2(3)
ωe´ 318.4(1) 317.6(1) 310.1(3)
ωexe´ 1.4(1) 1.4(1) 1.2(3)
sition and that at 10 196 cm−1 corresponds to the Ω˝= 3/2 component of the 0−1
band. The presence of a short vibrational progression with the appearance of just
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Figure 4.2: The Ω˝= 3/2 component of the A2Σ+ − X2Π 0−0 transition of
107Ag32S. The lower trace shows the simulation at 80 K rotational
temperature with Gaussian and Lorentzian line widths of 0.12 cm−1
and 0.06 cm−1, respectively.
v = 0 and v = 1 levels in the excited state results from good Frank-Condon over-
lap between the X2Π and A2Σ+ states. The transition frequencies of the band
maxima for the recorded vibronic bands of 107Ag32S, 109Ag32S and 109Ag34S, along
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with the respective assignments are given in Table 4.2. The isotope shifts are also
compared to the calculated values.
The Ω˝= 3/2 component of the vibronic transition is fitted to obtain
the harmonic vibrational frequency, ωe˝= 331.6(2) cm−1 and the anharmonic
term, ωexe˝= 1.3(1) cm−1 for the ground state, as well as the band origin,
Te = 10 528.3(2) cm−1, ωe´= 318.4(1) cm−1, ωexe´= 1.4(1) cm−1 for the excited
state of 107Ag32S. The vibrational constants obtained for 107Ag32S, 109Ag32S and
109Ag34S are listed in Table 4.3.
Rotational Analysis: Figures 4.2 and 4.3 show the rotationally resolved
spectra of the A2Σ+ − X2Π3/2 component of 0−0 and 1−0 bands, for
107Ag32S. The rotational profile fits were carried out with the PGOPHER soft-
ware [7]. The fit of the 1−0 band was performed while varying the spectro-
scopic constants for both the lower and upper states. This gives the rota-
tional constant, B˝ = 0.131 26(16) cm−1 and the centrifugal distortion constant,
D˝= 5.5(17)× 10−7 cm−1 for the ground state and B´= 0.132 95(14) cm−1 and
D´= 5.4(13)× 10−7 cm−1 for the excited state. For the case of the 0−0 band,
the lower state molecular constants were fixed to the values obtained from the
fit of the 1−0 transition while the upper state constants were varied, to obtain
B´= 0.133 70(4) cm−1 and D´= 3.9(3) × 10−7 cm−1. The small change in the
rotational constant between the X2Π and A2Σ+ states is in-line with the domi-
nant Frank-Condon factor for the 0−0 transition. Simulations were carried out
at a rotational temperature of 80 K, and used 0.12 cm−1 Gaussian and 0.06 cm−1
Lorentzian line widths, which fitted best the profiles of the peaks. The high J
lines for the P -branch overlap with those of R of the respective hot bands and
were left out of the fits. Intensity variations in the rotational profile are caused by
fluctuations in the DC discharge. The rotational spectroscopic constants obtained
for 107Ag32S and 109Ag32S, are listed in Table 4.4.
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Figure 4.3: The Ω˝= 3/2 component of the A2Σ+ − X2Π 1−0 transition of
107Ag32S. The lower trace shows the simulation with the same pa-
rameters as Figure 4.2.
4.3.2 Electronic transitions in the ultraviolet
[1+1’] REMPI spectrum of AgS was recorded in the UV from 24 000 cm−1 to
47 500 cm−1 at 8 cm−1 laser bandwidth. Several electronic systems were observed
in this region, as can be seen in Figures 4.4, 4.5, 4.6, 4.7 and 4.8. Vibronic pro-
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Table 4.4: Molecular constants (in cm−1) for the X2Π and A2Σ+ states of AgS.
X2Π A2Σ+
v=0 v=0 v=1
107Ag32S
T 0 10 521.662(7) 10 837.124(8)
Aso − 477(8) - -
B 0.131 26(16) 0.133 70(4) 0.132 95(14)
D 5.5(17)× 10−7 3.9(3)× 10−7 5.4(13)× 10−7
107Ag34S
T 0 10 521.656(7) 10 836.482(9)
Aso − 477(8) - -
B 0.130 90(18) 0.133 42(3) 0.132 44(16)
D 7.0(15)× 10−7 6.3(3)× 10−7 5.4(14)× 10−7
gressions have been identified for several electronic transitions up to 40 500 cm−1.
The assignment of the lower energy terminus as a X2Π state for all transitions is
indisputable because of the cold sample conditions and absence of any low lying
electronic states. The excited electronic state of these transitions can only be de-
termined from rotational analysis of the high resolution spectra or accurate high
level calculations, both of which are currently unavailable.
Figure 4.4 (A) presents the electronic spectrum of 107Ag32S in the 25 000 cm−1
to 27 000 cm−1 region. Vibronic analysis of the observed bands shows two distinct
progressions with frequencies ∼ 195 cm−1 and ∼ 140 cm−1. The origin of the
electronic system with ω´≈ 195 cm−1 is identified at 25 753 cm−1. The location of
the band origin of the other system is ambiguous due to overlapping features from
the first system; however, has been tentatively assigned to the band at 25 667 cm−1.
High resolution measurements were also performed in the 25 515 cm−1 to
26 215 cm−1 region, using a 0.15 cm−1 bandwidth laser. The obtained spectrum
(Figure 4.4 (B)) is complicated due to presence of two overlapping electronic sys-
tems. Efforts are underway to assign the rotational lines in this spectrum and
obtain the molecular symmetry and constants for both the excited states.
Figure 4.5 presents the electronic spectrum of 107Ag32S in the 28 500 cm−1 to
31 500 cm−1 region. For the system between 29 000 cm−1 to 30 000 cm−1, three dis-
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Figure 4.4: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 107Ag32S in the (A) 25 000 - 27 000 cm−1 region, recorded with
8 cm−1 laser bandwidth; (B) 25 515 - 26 215 cm−1 region, recorded
with 0.15 cm−1 laser bandwidth.
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Figure 4.5: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 107Ag32S in the 28 500 - 31 500 cm−1 region.
tinct progressions with a frequency ∼ 270 cm−1 are identified. These progressions
originate from 29 095 cm−1, 29 120 cm−1 and 29 180 cm−1. Based on combination
differences and intensity of bands, 29 180 cm−1 and 29 120 cm−1 are identified as
Ω˝= 3/2 component of the 0−0 and 1 − 1 transitions, respectively. The peak at
29 095 cm−1 is assigned to the Ω˝= 1/2 component of the 0−0 transition, indi-
cating a spin-orbit coupling term, Aso´≈ −392 cm−1 for the excited state. Similar
analysis of the bands from 30 000 cm−1 to 31 000 cm−1 leads to assignment of the
peaks at 30 563 cm−1 and 30 086 cm−1 as Ω˝= 3/2 and Ω˝= 1/2 components of
the 0−0 transition, respectively. A difference of −477 cm−1 between the spin-orbit
components, as observed for the A2Σ+ − X2Π transition, indicates a Σ excited
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Figure 4.6: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 107Ag32S in the 34 500 - 37 500 cm−1 region.
state for this particular transition. The stretching frequency for the excited state
is determined to be ω´≈ 215 cm−1.
The bands observed further to the UV in the 32 000 − 40 000 cm−1 region were
analysed like-wise and the identified vibronic progressions are marked in Fig-
ures 4.6 and 4.7. The transition wavenumbers of all the observed UV transitions
up to 40 500 cm−1 are given in Table 4.5. Beyond 40 500 cm−1 the vibronic spec-
trum becomes extremely complicated due to high density of electronic states, as
shown in Figure 4.8.
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Table 4.5: Band maxima (in cm−1) for the observed ultraviolet transition of
107Ag32S.
Assignment Observed Offset Assignment Observed Offset
ν´−ν˝ wavenumber ν´−ν˝ wavenumber
0-0 (Ω˝= 3/2) 25 667 0 0-0 (Ω˝= 1/2) 30 085 -478
1-0 (Ω˝= 3/2) 25 806 139 1-0 (Ω˝= 3/2) 30 239 -324
2-0 (Ω˝= 3/2) 25 934 267 1-0 (Ω˝= 1/2) 30 303 -260
3-0 (Ω˝= 3/2) 26 062 395 1-1 (Ω˝= 3/2) 30 451 -112
4-0 (Ω˝= 3/2) 26 212 545 0-0 (Ω˝= 3/2) 30 563 0
5-0 (Ω˝= 3/2) 26 350 683 2-1 (Ω˝= 3/2) 30 657 94
6-0 (Ω˝= 3/2) 26 490 823 1-0 (Ω˝= 3/2) 30 779 216
0-0 (Ω˝= 3/2) 25 753 0 0-0 (Ω˝= 1/2) 35 780 -481
1-0 (Ω˝= 3/2) 25 947 194 0-1 (Ω˝= 3/2) 35 935 -326
2-0 (Ω˝= 3/2) 26 144 391 0-0 (Ω˝= 3/2) 36 261 0
3-0 (Ω˝= 3/2) 26 330 571 1-0 (Ω˝= 3/2) 36 579 318
0-0 (Ω˝= 1/2) 29 095 -85 0-0 (Ω˝= 3/2) 38 569 0
1-1 (Ω˝= 3/2) 29 121 -59 1-1 (Ω˝= 3/2) 38 628 59
0-0 (Ω˝= 3/2) 29 180 0 1-0 (Ω˝= 3/2) 38 944 375
1-0 (Ω˝= 1/2) 29 360 180 2-1 (Ω˝= 3/2) 39 005 436
2-1 (Ω˝= 3/2) 29 386 206 2-0 (Ω˝= 3/2) 39 342 773
1-0 (Ω˝= 3/2) 29 445 265 3-0 (Ω˝= 3/2) 39 702 1 133
2-0 (Ω˝= 3/2) 29 727 547
0-0 (Ω˝= 1/2) 39 435 -473
0-0 (Ω˝= 3/2) 39 908 0
1-0 (Ω˝= 3/2) 40 278 370
4.4 Discussion
The ground X2Πi electronic state of AgS is represented by the configuration
1σ21δ41π42σ22π3. An electronic transition to A2Σ+ state involves excitation of
a 2σ electron to the 2π orbital resulting in an excited electronic configuration of
1σ21δ41π42σ12π4.
Calculations predict similar electronic properties for AgS and AgO; the ma-
jor difference being a lesser ionic character for AgS [1]. The spin-orbit coupling
constant provides some proof for covalency. If only the ionic Ag+S− configu-
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Figure 4.7: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 107Ag32S in the 38 000 - 40 500 cm−1 region.
ration was present, then the spin-orbit coupling constant would reflect that of
S−, ζ = 326 cm−1 [8]. Instead the observed value for the X2Πi state of AgS is
−477(8) cm−1 and thus there is a contribution from other configurations.
The X2Πi spin-orbit coupling constant for AgS (−477 cm−1) is quite similar to
isovalent CuS (-433 cm−1) [9]. Based on an analogous treatment, the X2Πi state of
AgS is considered to be represented by a dominant ionic Ag+S− and two covalent
configurations.
Ag+(4d10)S−(3p5) → (core)1σ21δ41π42σ22π3(X2Πi)
Ag(4d105s1)S(3p4) → (core)1σ21δ41π42σ22π3(X2Πi)
Ag(4d95s15p1)S(3p4) → (core)1σ11δ41π42σ22π33σ1(X2Πi).
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Figure 4.8: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 107Ag32S in the 40 500 - 47 500 cm−1 region.
There is also a possible contribution from an ionic configuration resulting from
coupling the open shell Ag+ 4d95s1 electrons with S− 3p5 electrons, as in the case
of AgO [10],
Ag+(4d95s1)S−(3p5) → (core)1σ11δ41π42σ22π33σ1(X2Πi).
A study of magnetic hyperfine interactions in the X2Πi state would provide a
further understanding about the contribution of various electronic configurations
to bonding in AgS.
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4.5 Conclusion
AgS has been spectroscopically characterized in the gas phase for the first time,
with the band system in the 10 000 − 11 000 cm−1 region assigned to the
A2Σ+ −X2Πi electronic transition. The vibrational constants for both electronic
states and the spin-orbit coupling parameter for the ground state were determined
from the analysis of the spectrum. The two strongest features, assigned to the
A2Σ+ − X2Π3/2 component of the 0−0 and 1−0 transitions, were recorded at
rotational resolution and the spectroscopic constants were determined for both
electronic states. The spin-orbit coupling constant for the ground state suggests
some covalent character for Ag−S bond.
Several electronic systems were also observed in the UV. Band origin and vi-
bronic progressions were identified for seven of these in the 25 000 − 40 000 cm−1
region. High resolution spectra were recorded for two of the electronic systems in
25 500 - 26 500 cm−1 region; detailed analysis for which is currently in progress.
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5 Titanium dioxide
Titanium dioxide can have one of the four isomeric forms; (a)O=Ti=O linear form,
(b) inserted form with a large apex angle, (c)T-Shaped form with a small apex
angle and an O−O distance close to that of O2, and (d)Ti-O-O superoxide form.
The first experimental study to identify the structure of TiO2 was undertaken
more than 45 years ago [1]. This gas phase electrostatic deflection measurement
on a molecular beam sample of TiO2 demonstrated that the ground state has a
permanent electric dipole, thus ruling out linear O=Ti=O structure. The infrared
absorption and visible emission spectra of TiO2 were first recorded in a neon ma-
trix and C2v structure was suggested for both the ground and excited electronic
states [2]. The ν1 (a1) symmetric stretching and ν3 (b2) asymmetric stretching fre-
quencies for the 48TiO2 isotopologue were determined to be 962.0± 0.2 cm−1 and
934.8 ± 0.2 cm−1, respectively. The isotopic dependence of ν3 (b2) was used to
extract an estimate for the bond angle, θ, as 110± 15°. Weak, visible emission
having an origin at 529.5 ± 0.2 nm and exhibiting a progression in the ν1 (a1) sym-
metric stretch of the X 1A1 state was observed. The long vibrational progression
was attributed to a significant change in geometry upon excitation. Subsequently,
infrared absorption spectrum was recorded in an argon matrix and analysed to
give ν1 (a1) and ν3 (b2) of 946.9 cm−1 and 917.1 cm−1, respectively [3]. Again the
isotopic dependence of ν3 (b2) was used to estimate θ as 113 ± 5°. An investiga-
tion of TiO−2 by photoelectron spectroscopy (PES) [4] gave values for the a
3B2 and
A 1B2 states of TiO2 as 15 800± 800 cm−1 and 19 350± 1 600 cm−1, respectively.
The symmetric stretching frequency, ν1 (a1), of the X 1A1 state was determined
to be 940± 40 cm−1, consistent with the matrix isolation value. When the PES
spectrum was recorded at a higher resolution [5], the measured 17 740± 800 cm−1
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difference between the adiabatic detachment energies was interpreted as the split-
ting between the X 1A1 and a 3B2 states. The PES spectrum was assigned as-
suming that the a 3B2 state is lower in energy than the isoconfigurational A 1B2
state. Recently, pure rotational transitions in the (0,0,0)X 1A1 vibronic state
were recorded and the bond length, RT i−O=165.1 pm and bond angle, θ=111.6°,
determined [6].
There have been numerous theoretical studies on TiO2 [3, 7–17]. These studies
suggest a complex optical spectrum of TiO2. According to a recent study using
various ab initio and density functional theory (DFT) methods [17], the lowest two
singlet excited states are A 1B2 and B 1A2. The vertical excitation energy for these
states has been calculated to be 2.367 eV and 3.019 eV, respectively, by equation-
of-motion coupled cluster (EOM-CCSD) method. The sequence of the higher
excited states differs slightly by the levels of theory. The more reliable EOM-
CCSD method predicts C 1B2 and D 1A1 states at 3.191 eV and 3.294 eV. The
lowest a 3B2 triplet and A 1B2 singlet states are predicted to be nearly degenerate
and assume a bent oxo-form like the X 1A1 state, but with a much smaller bond
angle (95 − 100°) [14, 17]. The A 1B2−X 1A1 electronic transition is expected
to have a long vibronic progressions and a very open branch structure. Strong
vibronic coupling is also expected because the C2v structured a 3B2 triplet and
A 1B2 states are only ∼ 0.3 eV more stable than the linear form [14].
The electronic absorption spectrum of neon matrix isolated TiO2 was recorded
in the matrix laboratory of our group [18]. Progressions in two band systems in the
visible range were assigned. The origin of first, having a vibrational progression
with spacing of 840 cm−1, was at 15 924 cm−1. It was suggested that this system
was due to an electronic transition for the linear isomer. The second one exhibited
two vibrational progressions, with a spacing of 850 cm−1, and 180 cm−1. The
origin of this band was difficult to assign because of overlapped TiO features, but
was estimated to be 19 084 cm−1 and assigned as the A 1B2 − X 1A1 transition of
the bent oxo form. A third, weak band system with an origin at 27 174 cm−1 was
assigned as the C 1B1 − X 1A1 transition of the same isomer. This was followed by
gas phase detection of the visible transition of TiO2 using mass selected resonant
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enhanced multi-photon ionization (REMPI) and laser induced fluorescence (LIF)
techniques [19]. A strong band at 18 655 cm−1 observed in the REMPI spectrum
was recorded at high-resolution using LIF detection and the rotational structure
analyzed. In addition, the optical Stark and dispersed LIF spectra of this band
were also measured. It was tentatively assigned as the A 1B2 (0,0,0)−X 1A1 (0,0,0)
transition. The assignment of the lower energy terminus as the X 1A1 (0,0,0)
state is indisputable because of the cold sample conditions, the agreement of the
determined spectroscopic parameters with those derived from the analysis of the
pure-rotational spectrum and the observation of no features to the blue of the
excitation wavelength in the dispersed LIF spectrum. The assignment of A 1B2 as
the excited state is consistent with the most recent wavefunction based [14] and
time dependent density functional theory (TD-DFT) based [20] predictions for the
excitation energy of 2.33 eV and 2.22 eV, respectively. The assignment was also
consistent with the photoelectron [4, 5] and neon matrix [18] spectra. However,
it is difficult to explain the observed presence of bands to the red of 18 655 cm−1
in the REMPI spectrum with its assignment as the A 1B2 (0,0,0)−X 1A1 (0,0,0)
transition. Furthermore, it is expected that the A 1B2 (0,0,0) − X 1A1 (0,0,0)
vibronic transition would be a relatively weak spectral feature due to the observed
change in geometry between the ground and excited states [19].
5.1 Experimental
The experimental set-up has been described in Chapter 3. To summarise, a molec-
ular beam of Ti16O2 was generated by laser ablation of a titanium rod in the pres-
ence of a supersonic expansion of a 95% He/5% O2 mixture. The mass selected
[1+1’] REMPI spectra of Ti18O2 was obtained using 18O2. Low-resolution spectra
were recorded using an OPO (∆ν = 5 cm−1) or a pulsed dye laser (∆ν =0.15 cm−1)
for excitation and an F2 excimer laser (7.87 eV) as the ionization source.
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Figure 5.1: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
tra of the A 1B2 − X 1A1 electronic transition of (A) 48Ti16O2; (B)
48Ti18O2.
5.2 Results and discussion
The mass spectrum of the collimated molecular beam is dominated by Ti and TiO
as both have an ionization potential (IP) lower than 7.87 eV. Various other species
such as (TiO2)2, (TiO)2, TiO(O2), TiO2(O2) and Ti2O3 also appear on the mass
spectrum. The TiO2 mass signal appears only at resonance. The IP of TiO2 is
9.5 ± 0.5 eV [21].
5.2.1 Electronic transitions in the visible
The mass-selected [1+1’] REMPI spectra of 48Ti16O2 and 48Ti18O2 were recorded
in the 14 000 cm−1 to 23 000 cm−1 region. There are no features to the red of
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17 500 cm−1. The vibronic spectra between 17 000 cm−1 and 23 000 cm−1 are pre-
sented in Figure 5.1.
Isotopic shifts and inertial defects [22] have been used to analyse the spectrum
in the 17 500 cm−1 to 20 000 cm−1 region and assign it to progressions in the
A 1B2 (ν1,ν2,ν3) − X 1A1 (0,0,0) transition. The band origin for the A 1B2−X 1A1
transition of 48Ti16O2 has been identified at 17 591 cm−1. The transition wavenum-
bers and assignments are given in Table 5.1 and the assigned spectrum of 48Ti16O2
is shown in Figure 5.2. The vibronic features could not be assigned beyond 20 000
cm−1 due to the complexity of the spectrum.
The observed transition wavenumbers were fit to the phenomenological expres-
sion:
G(v1, v2, v3) = Te +
∑
i=1,3
ωi(vi +
1
2
)
using the assigned vibrational quantum numbers. The vibrational parame-
ters for the A 1B2 state of 48Ti16O2 are determined as T000 = 17 593(5) cm−1,
ω1=876(3) cm−1, ω2=184(1) cm−1 and ω3=316(2) cm−1. The energy of the A 1B2
state is determined to be 18 020 cm−1 by combining the zero point energies for the
A 1B2 and X 1A1 states with T000. The optimized vibrational parameters are pre-
sented in Table 5.2.
The observed shift in the mass-selected [1+1’] REMPI spectrum of 48Ti16O2
relative to that of 48Ti18O2 is compared with the predictions in Table 5.1. The
agreement between the observed and predicted [22] shifts is good given the har-
monic approximation, the fact that the symmetric stretch-bend force constant was
constrained to zero and the relatively large measuring uncertainty (∼ 5 cm−1). As
expected, the deviation becomes more pronounced with increasing vibrational ex-
citation, particularly excitation of the ν2 bending mode. The barrier to linearity
in the A 1B2 is predicted to be only 0.42 eV [14] suggesting the anharmonic con-
tributions for ν2 excitation will be significant, hence the poorer agreement.
The spectrum shows evidence of anharmonic behavior for ν3: the spacing
between the A 1B2 (0,0,0) and A 1B2 (0,0,2) is 648 cm−1, whereas the spacing
between A 1B2 (0,0,2) and A 1B2 (0,0,4) is 691 cm−1. Also, the determined
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Table 5.1: Band maxima and isotopic shifts (in cm−1) for the A 1B2 (ν1,ν2,ν3) −
X 1A1 (0,0,0) electronic transition of 48Ti16O2 and 48Ti18O2.
Assignment Observed wavenumber Offseta Isotopic shiftb
ν1,ν2,ν3 48Ti16O2 48Ti18O2 Observed Calculated
0,0,0 17 591 17 610 0 19 17
0,1,0 17 776 17 779 185 3 9
0,2,0 17 964 17 961 373 -3 1
0,3,0 18 150 18 137 559 -13 -6
0,0,2 18 239 18 223 648 -16 -9
0,4,0 18 336 18 309 745 -27 -14
0,1,2 18 412 18 390 826 -27 -17
1,0,0 18 470 18 441 874 -24 -19
0,2,2 18 596 18 561 1 005 -35 -24
1,1,0 18 651 18 613 1 060 -38 -27
1,2,0 18 834 18 788 1 243 -46 -35
0,0,4 18 930 18 844 1 339 -46 -35
1,3,0 19 027 18 966 1 436 -61 -43
0,1,4 19 104 19 049 1 513 -55 -42
1,4,0 19 218 19 155 1 627 -63 -50
0,2,4 19 277 19 210 1 686 -67 -50
2,0,0 19 408 19 325 1 817 -83 -55
2,1,0 19 526 1 935
1,6,0 19 590 19 510 1 999 -80 -61
0,0,6 19 617 19 544 2 026 -73 -60
2,2,0 19 706 19 613 2 115 -93 -71
0,1,6 19 792 19 710 2 201 -82 -68
2,3,0 19 883 19 788 2 292 -95 -79
19 942 19 847 2 351 -95
20 107 20 006 2 516 -101
3,0,0 20 176 20 074 2 585 -102 -91
0,0,8 20 307 20 204 2 716 -103 -86
3,1,0 20 369 20 245 2 778 -124 -99
a Shift from the 17 591 cm−1 band.
b ν˜ 48Ti18O2 − ν˜ 48Ti16O2.
ω3(A 1B2) value (= 316(2) cm−1) is significantly smaller than MRCI predicted one
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 /cm-1~
Figure 5.2: Assignment for the A 1B2 (ν1,ν2,ν3) − X 1A1 (0, 0, 0) electronic tran-
sition of 48Ti16O2.
Table 5.2: Vibrational parameters (in cm−1) for the A 1B2 state of 48Ti16O2.
Parameter Value
T000 17 593(5)
ω1 876(3)
ω2 184(1)
ω3 316(2)
(= 480 cm−1) [14]. This suggests that the asymmetric ν3 mode of the A 1B2 state
interacts with other vibronic states, as discussed in Ref. 22.
Based on the [1+1’] REMPI spectrum of 48Ti16O2, high resolution LIF spectra
(0.001 cm−1) were recorded for the A 1B2 (1,1,0)−X 1A1 (0,0,0) (ν =18 655 cm−1),
A 1B2 (0,0,2) − X 1A1 (0,0,0) (ν=18 240 cm−1), A 1B2 (0,1,2) − X 1A1 (0,0,0)
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Figure 5.3: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of the C 1B2 (ν1,ν2,ν3) − X 1A1 (0,0,0) electronic transition of
48Ti16O2.
(ν=18 412 cm−1) and A 1B2 (1,0,0) − X 1A1 (0,0,0) (ν =18 470 cm−1) vibronic
transitions [22]. The analysis of these bands shows a significant geometry change
from the ground to the excited state, as predicted by calculations [14].
A comparison with the previous PES [4, 5] and the matrix isolation measure-
ment [18] is also warranted. The band system with an origin at 15 924 cm−1
observed in the absorption spectrum of a neon matrix isolated sample was not
detected in the gas-phase sample studied here. This is consistent with the as-
sumption [18] that the carrier of that band is the higher energy linear isomer and
hence is not expected to be present in the laser ablation products. The observed
A 1B2 (0,0,0)−X 1A1 (0,0,0) (ν =17 591 cm−1) band is shifted to the red by nearly
1 500 cm−1 compared to the 19 084 cm−1 origin assigned in the neon matrix isola-
tion study [18]. This unrealistically large matrix-gas shift suggests that the first
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Table 5.3: Band maxima (in cm−1) for the C 1B2 (ν1,ν2,ν3) − X 1A1 (0,0,0) elec-
tronic transition of 48Ti16O2.
Assignment Observed Offseta Assignment Observed Offseta
ν1,ν2,ν3 wavenumber ν1,ν2,ν3 wavenumber
0,0,0 23 797 0 1,3,0 25 354 1 557
0,1,0 24 020 223 1,4,0 25 578 1 781
0,2,0 24 247 450 2,0,0 25 578 1 781
0,3,0 24 466 669 2,1,0 25 809 2 012
24 535 738 26 004 2 207
1,0,0 24 669 872 2,2,0 26 051 2 254
0,4,0 24 684 887 2,3,0 26 273 2 476
24 760 963 2,4,0 26 507 2 710
1,1,0 24 896 1 099 3,0,0 26 507 2 710
24 987 1 190 3,1,0 26 745 2 948
1,2,0 25 131 1 334 3,2,0 26 964 3 167
25 210 1 413
a Shift from the 23 797 cm−1 band.
features of the progression observed in the neon matrix spectrum were too weak
to be observed. The separation of the first two peaks in the PES spectrum [4] is
17 740± 800 cm−1, in line with the A 1B2 (0,0,0)−X 1A1 (0,0,0) (ν =17 591 cm−1)
gas-phase value. The REMPI spectrum exhibits long progressions due to a sig-
nificant change in geometry. In contrast, the two lowest spectral features in the
PES spectrum are relatively narrow (FWHM ≈ 0.4 eV).
5.2.2 Electronic transitions in the ultraviolet
The mass-selected [1+1’] REMPI spectrum of 48Ti16O2, recorded in the 23 500
cm−1 to 27 000 cm−1 region, is presented in Figure 5.3. The observed bands are
tentatively assigned to C 1B2 − X 1A1 transition based on EOM-CCSD calcula-
tions [17] and the origin identified at 23 797 cm−1. A progression with a frequency
of ∼ 870 cm−1 is assigned to the ν1 symmetric stretch mode and another one
with a frequency of ∼ 225 cm−1 is assigned to the ν2 bend mode. There are some
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unassigned features in the spectrum; the asymmetric stretch mode, ν3, might be
responsible for these. Strong vibronic coupling is expected in the spectrum as
EOM-CCSD calculations [17] predict D 1A1, E 1B1 and F 1B1 electronic states to
lie within 0.5 eV of the C 1B2 state. The transition wavenumbers and assignments
are given in Table 5.3.
5.3 Conclusion
Electronic spectra of TiO2 have been recorded in the visible and UV regions.
The origin for the A 1B2 − X 1A1 transition has been identified at 17 593 cm−1
whereas the band system with origin at 23 797 cm−1 has been tentatively as-
signed to the C 1B2 − X 1A1 transition. The vibrational frequencies for the A 1B2
state of Ti16O2 have been determined as ω1=876(3) cm−1, ω2=184(1) cm−1 and
ω3=316(2) cm−1. Both electronic systems show a long progression, suggesting
a significant change in geometry between the ground and excited states, which
was confirmed in the case of A 1B2 − X 1A1 transition by high-resolution LIF
spectroscopy (0.001 cm−1) [22].
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6 Zirconium dioxide
Studies on zirconium dioxide are fewer compared to isovalent titanium dioxide.
Like TiO2, ZrO2 can have four isomeric forms and again the linear O=Zr=O struc-
ture has been ruled out by an earlier gas phase electrostatic deflection experiment
on a molecular beam sample of ZrO2 [1], which demonstrated that the ground
state has a permanent electric dipole. The infrared absorption spectra of ZrO2
was recorded in argon matrix [2], and inserted C2v structure was suggested for
the ground state. The ν1 (a1) symmetric stretch and the ν3 (b2) antisymmetric
stretch frequencies were inferred as 884.3 cm−1 and 818.0 cm−1, respectively. The
isotopic dependence of ν3 was used to extract an estimate for the bond angle,
θ, of 113± 5°. The pure rotational transitions of ZrO2 were recorded and anal-
ysed [3] to obtain the bond length, RZr−O and bond angle, θ as 177.1 pm, and
108.11°, respectively. In the same study, inertial defect was used to determine the
frequency of the bending mode, ν2 (a1) as 290 cm−1. An investigation of ZrO
−
2 by
photoelectron spectroscopy (PES) [4] gave the symmetric stretching frequency, ω1
as 887± 40 cm−1 for the ground state. These PES results were supported by ab
initio calculations using a coupled cluster method with single, double, and non-
iterative triple excitations (CCSD(T)), which predicted the harmonic vibrational
frequencies, ω1, ω2 and ω3 for the X 1A1 ground state as 887 cm−1, 281 cm−1,
and 835 cm−1, respectively. In a separate study, high level ab initio calculations
were done to model the 355 nm photodetachment spectrum [5]. A study using
the CCSD(T) theory predicted the stretching frequencies ω1 and ω3 as 924 cm−1
and 860 cm−1 [6]. The calculations at equation-of-motion coupled cluster (EOM-
CCSD) level gave a separation of 2.14 eV between the X 1A1 ground state and
a 3B2 lowest energy triplet state [6]. In a recent study, using time-dependent den-
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sity functional theory (TD-DFT) with B3LYP function, the vertical excitation
energy for the lowest two singlet excited states A 1B2 and B 1A1 have been cal-
culated as 2.1 eV and 2.9 eV, respectively [7, 8]. Using the same method, the
harmonic vibrational frequencies, ω1, ω2 and ω3 for the A 1B2 excited state have
been predicted as 855 cm−1, 151 cm−1, and 420 cm−1, respectively [7]. For the
B 1A1 excited state, the symmetric stretching frequency, ω1 has been calculated
as 831 cm−1 and the symmetric bending frequency, ω2 as 245 cm−1 [8].
6.1 Experimental
The experimental set-up and conditions were similar to that of TiO2, the only
difference being use of zirconium rod instead of titanium. The details are present
in Chapters 3 and 5. The ionization potential of ZrO2 is 9.4 ± 0.2 eV.
6.2 Results and discussion
6.2.1 Electronic transitions in the visible
The mass-selected [1+1’] resonance enhanced multiphoton ionization (REMPI)
spectra of 90Zr16O2 in the 17 000 cm−1 to 21 000 cm−1 region is presented in Fig-
ure 6.1. Based upon the analogy with TiO2 and ab initio prediction [7], the spec-
trum in Figure 6.1 is assigned to progressions in the A 1B2 (ν1,ν2,ν3)−X 1A1 (0,0,0)
transition. There are no features to the red of the band at 17 041 cm−1, so it was
assigned as the origin of the to the A 1B2−X 1A1 electronic transition, assuming
adiabatic expansion conditions where only the X 1A1 (0,0,0) level is populated.
The transition wavenumbers and assignments are given in Table 6.1.
The observed transition wavenumbers were fit to the phenomenological expres-
sion:
G(v1, v2, v3) = Te +
∑
i=1,3
ωi(vi +
1
2
) +
∑
i=1,3
∑
k=1,3
χik(vi +
1
2
)(vk +
1
2
)
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Table 6.1: Band maxima (in cm−1) for the A 1B2 (ν1,ν2,ν3) − X 1A1 (0,0,0) elec-
tronic transition of 90Zr16O2.
Assignment Observed Offseta Assignment Observed Offseta
ν1,ν2,ν3 wavenumber ν1,ν2,ν3 wavenumber
0,0,0 17 041 0 2,2,0 19 020 1 979
0,1,0 17 194 153 0,1,4 19 148 2 107
0,2,0 17 351 310 2,3,0 19 173 2 132
0,3,0 17 506 465 0,2,4 19 310 2 269
0,0,1 17 562 521 0,0,5 19 404 2 363
0,4,0 17 663 622 3,0,0 19 484 2 443
0,1,1 17 723 682 0,1,5 19 575 2 534
1,0,0 17 873 832 3,1,0 19 660 2 619
0,2,1 17 888 847 19 691 2 650
0,0,2 18 026 985 0,2,5 19 738 2 697
1,1,0 18 026 985 3,2,0 19 816 2 775
1,2,0 18 181 1 140 19 851 2 810
0,1,2 18 193 1 152 0,3,5 19 907 2 866
1,3,0 18 336 1 295 3,3,0 19 982 2 941
0,2,2 18 357 1 316 0,4,5 20 107 3 066
0,0,3 18 476 1 435 3,4,0 20 147 3 106
0,3,2 18 518 1 477 0,5,5 20 274 3 233
0,1,3 18 643 1 602 4,0,0 20 323 3 282
2,0,0 18 706 1 655 4,1,0 20 494 3 453
0,2,3 18 806 1 755 4,2,0 20 663 3 622
2,1,0 18 863 1 822 4,3,0 20 819 3 778
0,0,4 18 998 1 957
a Shift from the 17 041 cm−1 band.
using the assigned vibrational quantum numbers. The features which were mea-
sured with 0.1 cm−1 dye laser using laser induced fluorescence (LIF) [7] were
assigned a weight three times that of the features recorded with low resolu-
tion [1+1’] REMPI. Various combinations of the anharmonic terms χik were
attempted. Ultimately, a fit of the excitation spectra was obtained by vary-
ing only χ12, χ23, and χ33 in addition to ω1, ω2, and ω3 for the A 1B2 state.
The vibrational parameters for the A 1B2 state of 90Zr16O2 are determined to be
T000 = 17, 050(13) cm−1, ω1=819(3) cm−1, ω2=149(3) cm−1, ω3=518(4) cm−1,
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Figure 6.1: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of the A 1B2 − X 1A1 electronic transition of 90Zr16O2.
Table 6.2: Vibrational parameters (in cm−1) for the A 1B2 state of 90Zr16O2.
Parameter Value
T000 17 050(13)
ω1 819(3)
ω2 149(3)
ω3 518(4)
χ12 2(1)
χ23 4.4(8)
χ33 −8.5(8)
χ12=2(1) cm−1, χ23=4.4(8) cm−1, and χ33=−8.5(8) cm−1. The energy of the
A 1B2 state is determined to be 16 304(16) cm−1 by combining the zero point
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energies for the A 1B2 and X 1A1 states with T000. The optimized vibrational
parameters are presented in Table 6.2.
17020 17030 17040 17050
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Figure 6.2: The rotational contours for the A 1B2 (0,0,0)− X 1A1 (0,0,0) transition
of (A) 90Zr16O2; (B) 91Zr16O2; (C) 92Zr16O2; (D) 94Zr16O2.
The A 1B2 − X 1A1 vibronic spectrum of TiO2 and ZrO2 look very similar.
However, there is one significant difference: the observation of odd ν3 quanta
transitions in the case of ZrO2. This provides an evidence of vibronic coupling
between the A 1B2 and B 1A1 electronic states, which is discussed in Ref. 7.
The rotational contours of seven different bands were recorded by [1+1’] REMPI
with a dual-grating dye laser (∆ν = 0.06 cm−1) but the rotational lines could
not be resolved. Based on these measurements, high resolution (0.001 cm−1)
spectrum of the origin band was recorded at Arizona State University using
LIF [9]. However, the rotational lines could not be assigned due to overlap from
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Figure 6.3: The rotational contours for the A 1B2 (0,0,3) − X 1A1 (0,0,0) transition
of (A) 90Zr16O2; (B) 91Zr16O2; (C) 92Zr16O2; (D) 94Zr16O2.
five ZrO2 isotopologues (90Zr(51.5%), 91Zr(11.2%), 92Zr(17.2%), 94Zr(17.4%), and
96Zr(2.8%)). The rotational contours for the A 1B2 (0,0,0)−X 1A1 (0,0,0) and
A 1B2 (0,0,3)−X 1A1 (0,0,0) transition of the four most abundant isotopologues
of ZrO2 are presented in Figure 6.2 and Figure 6.3, respectively. In the case of
A 1B2 (0,0,3)−X 1A1 (0,0,0) transition, a significant isotopic shift can be observed.
6.2.2 Electronic transitions in the ultraviolet
The mass-selected [1+1’] REMPI spectrum of 90Zr16O2, recorded in the
23 000 cm−1 to 35 000 cm−1 region, is presented in Figure 6.4. Based on
ab initio predictions [7, 8], the band at 23 550 cm−1 is assigned to the
B 1A1 (0,0,0)−X 1A1 (0,0,0) transition. Analysis of the spectrum in the lower en-
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ergy region leads to identification of three distinct progressions with spacing ∼ 835
cm−1, 215 cm−1 and 545 cm−1. These are assigned to the symmetric stretch (ν1),
symmetric bend (ν2) and asymmetric stretch (ν3) modes, respectively. The as-
signed spectrum of 90Zr16O2 in the 23 000 cm−1 to 30 000 cm−1 region is shown in
Figure 6.5. Many vibronic features could not be assigned due to the complexity of
the spectrum. The unassigned features might arise from the transitions between
the X 1A1 ground state and the next higher excited states or as a result of vibronic
coupling between electronic states. The transition wavenumbers and assignments
for the observed features are given in Table 6.3.
24000 26000 28000 30000 32000 34000
~ /cm-1
000 B
1A1  X
 1A1
000 G
1B2  X
 1A1
Figure 6.4: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of 90Zr16O2 in the 23 000 cm−1 to 35 000 cm−1 region.
The bands observed in the 30 000 cm−1 to 35 000 cm−1 region are tentatively
assigned to G 1B2 − X 1A1 transition based on ab initio calculations [8], with
000 at 30 727 cm
−1. A progression with a spacing ∼ 790 cm−1 can be observed
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Table 6.3: Band maxima (in cm−1) for the B 1A1 (ν1,ν2,ν3) − X 1A1 (0,0,0) elec-
tronic transition of 90Zr16O2.
Assignment Observed Offseta Assignment Observed Offseta
ν1,ν2,ν3 wavenumber ν1,ν2,ν3 wavenumber
0,0,0 23 550 0 26 301 2 751
23 612b 62 0,0,5 26 353 2 803
23 679c 129 0,1,5 26 560 3 010
0,1,0 23 780 230 1,0,4 26 698 3 148
0,2,0 23 997 447 26 860 3 310
24 037 487 0,0,6 26 910 3 360
0,0,1 24 090 540 27 056 3 506
24 171 621 0,1,6 27 111 3 561
0,1,1 24 300 750 1,0,5 27 240 3 690
1,0,0 24 386 836 27 404 3 854
24 509 959 0,0,7 27 450 3 900
24 581 1 031 27 601 4 051
24 630 1 080 0,1,7 27 662 4 112
0,0,2 24 718 1 168 1,0,6 27 797 4 247
24 853 1 303 27 929 4 379
0,1,2 24 931 1 381 0,0,8 27 995 4 445
1,0,1 25 002 1 452 28 133 4 583
25 156 1 606 0,1,8 28 205 4 655
2,0,0 25 217 1 667 28 445 4 895
0,0,3 25 280 1 730 28 551 5 001
25 399 1 849 28 604 5 054
0,1,3 25 493 1 943 28 649 5 099
1,0,2 25 607 2 057 28 748 5 198
25 726 2 176 28 816 5 266
0,0,4 25 809 2 259 28 969 5 419
0,1,4 26 014 2 464 29 155 5 605
3,0,0 26 092 2 542 29 494 5 944
1,0,3 26 150 2 600 29 665 6 115
a Shift from the 23 550 cm−1 band.
b B 1A1 (0,1,0) − X 1A1 (0,1,0)
c B 1A1 (0,2,0) − X 1A1 (0,2,0)
(Figure 6.6) and is assigned to the ν1 symmetric stretch mode. The transition
wavenumbers and assignments are given in Table 6.4.
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Figure 6.5: Assignment for the B 1A1 (ν1,ν2,ν3) − X 1A1 (0, 0, 0) electronic tran-
sition of 90Zr16O2.
Table 6.4: Band maxima (in cm−1) for the G 1B2 (ν1,ν2,ν3) − X 1A1 (0,0,0) elec-
tronic transition of 90Zr16O2.
Assignment Observed Offseta Assignment Observed Offseta
ν1,ν2,ν3 wavenumber ν1,ν2,ν3 wavenumber
0,0,0 30 727 0 0,0,3 33 103 2 376
0,0,1 31 517 790 0,0,4 33 865 3 138
0,0,2 32 311 1 584 0,0,5 34 634 3 907
a Shift from the 30 727 cm−1 band.
6.3 Conclusion
Electronic transitions of ZrO2 in the visible and UV regions have been detected
and analysed. The A 1B2 − X 1A1 transition has origin band at 17 041 cm−1 and
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Figure 6.6: Assignment for the G 1B2 (ν1,ν2,ν3) − X 1A1 (0, 0, 0) electronic tran-
sition of 90Zr16O2.
the vibrational frequencies for the A 1B2 state are determined as ω1=819(3) cm−1,
ω2=149(3) cm−1 and ω3=518(4) cm−1. The observation of odd ν3 quanta transi-
tions in the spectrum provide evidence of vibronic coupling. The precisely deter-
mined vibrational frequencies and term energies are a benchmark for future elec-
tronic structure calculations. The spectrum in the UV region indicate transitions
arising from many different electronic levels. Band origins have been identified for
two electronic systems at 23 550 cm−1 and 30 727 cm−1 and these are tentatively
assigned to B 1A1 − X 1A1 and G 1B2 − X 1A1 transitions based on ab initio
calculations [8].
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7 Silicon Trimer
There have been numerous theoretical studies to investigate the structure and
properties of silicon trimer [1–9]. Ab initio calculations [1–6] indicate that Si3
is strongly bent with two close lying electronic states: 1A1(C2v) and 3A´2(D3h).
1A1(C2v) is predicted to be the ground state with 3A´2(D3h) state lying within
0.05 eV.
The ground state electronic configuration of Si3 in the high symmetry D3h ge-
ometry is (5a´1)2(2a˝2)2(6e´ )2(2e˝)0 [9]. e´⊗ e´ results in electronic states: 3A´2, 1A´1
and 1E´ ; amongst which the triplet 3A´2 has been calculated [8,9] to be the ground
state in D3h geometry. Theory predicts a very small Jahn-Teller effect (JTE) [10]
in the 1E´ state, but a strong pseudo-JTE (PJTE) [10] between the singlets 1A´1 and
1E´ [8]. Because of this strong PJT coupling, the 1A1 component of the 1E´ term
is stabilized and crosses the undistorted ground 3A´2 state to produce the global
minimum with a C2v geometry [8].
The first experimental insight into the electronic structure of Si3 was provided
by low resolution (∼ 1 000 cm−1) photoelectron spectroscopy (PES) of Si3 [11].
However, this resolution was not sufficient to discern any vibrational information
from the electronic bands. This information was partially obtained by subse-
quent PES measurements [12, 13] at a much better resolution of ∼ 80 cm−1. A
laser energy of 4.6 eV was sufficient to access six electronic states of Si3 [13]. The
lowest energy band, corresponding to the ground electronic state of Si3 had a
complex profile and it was proposed to result from a convolution of features from
the 1A1(C2v) and 3A´2(D3h) states, which was supported by an ab initio study of
the Si−3 PES [6]. This band was vibrationally resolved by near threshold photode-
tachment zero-electron kinetic energy (ZEKE) spectroscopy of Si−3 [14]. It was
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assigned to transitions from the JT distorted anion to the D3h neutral and the
frequencies of the symmetric stretch (a´1) and degenerate (e´ ) modes in the 3A´2
state were determined as 501±10 cm−1 and 337±10 cm−1, respectively, in good
agreement with the earlier calculated values [15, 16]. The transitions to the sin-
glet state were very weak in the ZEKE spectrum which was attributed to a small
photodetachment cross section for the 1A1(C2v) state near the detachment thresh-
old. A recent high level ab initio simulation of the PES confirmed that the major
contribution to the lowest energy band of Si3 is from the 3A´2 electronic state [9].
The infrared absorption spectrum of the C2v isomer of Si3 was first recorded in
rare gas matrices and vibrational frequencies were determined as approximately
550 cm−1 and 525 cm−1, in agreement with the calculated values for the symmetric
(a1) and asymmetric (b2) stretching modes, respectively [17]. In another study
involving neon matrices [18], four electronic transitions of Si3 were observed: one
in the near-IR, two in the visible and one in the UV. All of them were assigned to
the C2v form with 1A1 state as the lower energy terminus. The origin of the near-
IR and UV bands were identified at 12 839 cm−1 and 25 753 cm−1, respectively. In
the visible, the more intense system with an origin at 17 250 cm−1 and a vibra-
tional spacing (ν2) of 230 - 280 cm−1 was assigned to the 1A1 − 1A1 transition. A
progression in a ∼ 360 cm−1 vibrational mode was observed in the case of sec-
ond system which was assigned to the 1B1 − 1A1 transition, but the origin could
not be definitively identified. The band at 19 146 cm−1 was tentatively assigned
as the origin. Recently, the rotational spectrum of the C2v form was recorded
and analysed to obtain a Si−Si bond length of 217.7± 0.1 pm and an apex an-
gle of 78.10°± 0.03° [19]. The frequency for the bend mode, ν2 was estimated as
178± 11 cm−1 using inertial defect.
7.1 Experimental
The experimental set-up is described in Chapter 3. A molecular beam of Si3 was
generated by laser ablation of a silicon rod in the presence of a supersonically
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expanding helium. Since the ionization potential of Si3 is ∼8.50 eV [20], ArF
excimer laser (6.42 eV) is used for ionization.
7.2 Results and discussion
Figure 7.1 shows the mass selected [1+1’] resonant enhanced multi-photon ion-
ization (REMPI) spectrum of 28Si3. At least three overlapping progressions are
visible: a stronger band system with an origin near 18 600 cm−1 and a spacing of
∼ 445 cm−1, and two weaker ones with spacings of ∼ 280 cm−1 and ∼ 350 cm−1,
lying to the red and the blue of 18 600 cm−1 band, respectively.
Ab initio calculations predict that all electronic transitions in the 17 000 cm−1
to 22 000 cm−1 region correspond to promotion of an electron from the 6e´ to the
2e˝orbital [21]. The possible lower electronic states are 3A´2, 1A´1 and 1E´ , whereas
both the singlets and triplets of A˝1, A˝2 and E˝are possible for the upper state.
7.2.1 The triplet D3h system
In the triplet manifold, the transitions corresponding to promotion of electron from
6e´ to 2e˝orbital have 3A´2 lower state. Although, 3A˝1, 3A˝2 and 3E˝upper states are
possible for this electronic excitation, 3A˝1− 3A´2 is the only dipole allowed process
available to the triplet.
Ab initio calculations using the equation-of-motion coupled-cluster (EOM-
CCSD) approach predict 3A˝1− 3A´2 transition at 2.34 eV [21]. For the 3A´2 state,
the calculated CCSD/cc-pwCTZ equilibrium structure has an Si−Si bond length
of 228.0 pm which increases to 229.4 pm in the 3A˝1 state [21]. Unlike many of the
states in the singlet manifold, neither triplet state is JT active. The 3A˝1− 3A´2
transition is expected to have a simple spectrum consisting only of a short pro-
gression in the symmetric stretch as the degenerate mode, ν2, is Franck-Condon
inactive.
The features at 18 600 cm−1, 19 045 cm−1 and 19 507 cm−1, which form a pro-
gression in ∼ 445 cm−1, each have a band to the red, shifted by approximately
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Figure 7.1: Mass-selected [1+1’] resonance enhanced multi-photon ionization spec-
trum of Si3 in the 17 000 - 21 500 cm−1 region.
60 cm−1. Assigning these red-shifted features as sequence bands of the 445 cm−1
progression yields a lower state frequency of ∼ 505 cm−1, which is in excellent
agreement with 501±10 cm−1 observed by ZEKE for the symmetric stretch (ν1)
of the D3h 3A´2 state [14]. The frequency for the symmetric stretch mode of the
3A˝1 state was calculated as 480 cm−1 [21] which is quite close to the observed value
of ∼ 445 cm−1. Based on these agreements, the assignment of the ∼ 445 cm−1 pro-
gression to the 3A˝1 − 3A´2 transition is secured. All the observed triplet bands
have been marked in Figure 7.1 and the transition frequencies and assignments
are listed in Table 7.1.
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Table 7.1: Band maxima (in cm−1) for the 3A˝1 − 3A´2 electronic transition of 28Si3.
Assignment Observed Offseta Assignment Observed Offseta
wavenumber wavenumber
111 18 534 -66 1
1
0 19 045 445
000 18 600 0 1
3
1 19 430 830
121 18 986 386 1
2
0 19 507 907
a Shift from the 18 600 cm−1 band.
7.2.2 The singlet D3h/C2v system
Unlike the triplet manifold, in the singlet manifold there are number of possible
transitions corresponding to promotion of electron from 6e´ to 2e˝orbital, all of
which are strongly affected by the JT and PJT mechanisms [21]. In terms of D3h
symmetry, these are the 1A˝2 − 1A´1 and 1E˝− 1E´ transitions.
Ab initio calculations predict a 1E´ as the least energetic state arising from the
ground electronic configuration, with a 1A´1 state lying 0.23 eV above it [8,9]. The
transition moment for the 1A˝2 − 1A´1 transition has been calculated to be ∼ 1000
times smaller than that of 1E˝− 1E´ [22]. Thus, 1A´1 can be rejected as the lower
state and the observed singlet system can be assigned to the 1E˝− 1E´ transition in
D3h geometry, which correlates to 1B1− 1A1 and dark 1A2− 1A1 transitions from
the JT distorted C2v state.
In Figure 7.1 it can be seen that there is a system of broad features with
∼ 280 cm−1 spacing to the red of triplet origin and another one with an inter-
val of ∼ 350 cm−1 towards the blue. These progressions start from the bands at
17 458 cm−1 and 19 159 cm−1, respectively.
The observed gas phase [1+1’] REMPI spectrum for the singlet manifold is
distinctly similar to the neon matrix spectrum [18] (Figure 7.2), where two band
systems from the C2v singlet ground state were observed in this region. In the
matrix study, one of the systems was assigned to the 1A1 − 1A1 transition with an
origin at 17 250 cm−1 and a 230 - 280 cm−1 progression in the ν2 mode. The second
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system, with ∼ 360 cm−1 progression was assigned to the 1B1− 1A1 transition; the
origin was tentatively assigned to the band at 19 146 cm−1.
460 480 500 520 540 560 580 600
*
**
*
*
B
A
/ nm
A
*
Si3
Figure 7.2: The 1B1− 1A1 and 1A2− 1A1 transition of Si3 in C2v geometry, ob-
served in (A) neon matrix [18]; (B) gas phase. The triplet transitions
in gas phase spectrum are marked with an asterisk (*).
Based on the recent theoretical studies [22] which take into account the JT and
PJT interactions, the assignment of the singlet bands to 1A1 − 1A1 and 1B1− 1A1
transitions in the previous neon matrix study [18] seems incorrect. Therefore,
these singlet features are being re-assigned to the 1B1− 1A1 and 1A2− 1A1 tran-
sitions, respectively, arising from the JT distorted C2v geometry; the symmetry
forbidden 1A2− 1A1 transition becomes allowed due to strong vibronic coupling as
a result of JT and PJT interactions. In view of absence of any band towards lower
energy, the origin of the 1B1− 1A1 transition is tentatively assigned to the band
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Table 7.2: Band maxima (in cm−1) for transitions of Si3 observed in the singlet
manifold.
1B1− 1A1 1A2− 1A1
Observed wavenumber Offseta Observed wavenumber Offsetb
17 428 0 19 159 0
17 705 277 19 507c 348
17 985 557 19 867 708
18 274 846 20 216 1 057
18 545c 1 117 20 561 1 402
18 810 1 382 20 918 1 759
21 278 2 119
a Shift from the 17 428 cm−1 band.
b Shift from the 19 159 cm−1 band.
c Overlap with a triplet band.
at 17 428 cm−1. The transition frequencies of the bands in the singlet manifold
are given in Table 7.2.
7.3 Conclusion
The gas phase electronic spectrum of Si3 has been recorded in the 17 000 cm−1
to 22 000 cm−1 region. In the spectrum, transitions arising from both, triplet D3h
and singlet C2v isomers could be observed. In the triplet manifold, a progression
in ∼ 445 cm−1 interval with origin at 18 600 cm−1 is assigned to the 3A˝1 − 3A´2
transition. The singlet spectrum is much more complicated due to JT and PJT
interactions. The observed features are assigned to 1B1− 1A1 and dark 1A2− 1A1
transitions from the JT distorted C2v geometry, based on the current theoretical
knowledge. However, more work is required to completely understand the singlet
manifold of Si3.
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8 Carbon chains, Cn (n = 6− 9)
The groundX3Σ−g state of linear C6 and C8 was identified by ESR [1] and IR spec-
troscopy [2,3] in noble gas matrices and confirmed by high resolution gas phase IR
measurements [4,5]. The (1)3Σ−u − X3Σ−g electronic transition for C6 and C8 was
identified in solid neon with origin band at 511.3 and 639.8 nm, respectively [6].
An intense broad band and a weaker structured one towards slightly lower energy
were observed in the neon matrix for both molecules in the UV [7]. The broad
bands at 237.5 nm for C6 and 277.2 nm for C8 were assigned to the (2)3Σ−u −X3Σ−g
electronic transition, whereas the vibrationally resolved system was considered to
originate from 3Πu − X3Σ−g . Subsequent large-scale multi-reference configuration
interaction calculations for C6 predict the 3Σ−u −X3Σ−g transitions at 2.66 eV and
5.7 eV with oscillator strength f = 0.023 and 2.8, respectively, and a 3Πu−X3Σ−g
system at 4.9 eV (f = 0.03) [8]. Both are consistent with the neon matrix mea-
surements. These calculations give the lowest singlet state, (1)1∆g to lie only
0.17 eV above the X3Σ−g ground state. The broad contour of the (2)
3Σ−u −X3Σ−g
electronic transition of C6 and C8 was identified in the gas phase using [1+1] res-
onance enhanced multiphoton ionization (REMPI) and dissociative hole-burning
techniques [9].
Theoretical calculations predict the ground state of linear C7 and C9 to be 1Σ+g ,
which was confirmed by gas phase IR diode laser spectroscopy [10–13]. The first
study on the excited electronic states of these molecules was performed in a neon
matrix and led to the identification of the 1Πu−X1Σ+g electronic transition of
C7 with origin band at 542.3 nm, and that of the 1Σ+u −X1Σ+g system of C7 and
C9 at 252.8 and 295.0 nm, respectively [14]. These assignments agree with the
calculated vertical excitation energy for the higher electronic states of C7 and
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C9 [15,16]. The 1Σ+u − X1Σ+g electronic transition of C9 was later observed in the
gas phase by a dissociative hole-burning approach but escaped detection with the
[1+1] REMPI method [9]. None of the electronic transitions of C7 have previously
been identified in the gas phase.
8.1 Experimental
10 20 30 40 50 60 70 80
Number of carbon atoms
Figure 8.1: Time-of-flight mass spectrum of laser ablated graphite, recorded using
a 10.5 eV ionization source.
The details of the experimental set-up are given in Chapter 3. A ∼ 50mJ, 5 ns
laser pulse from the second harmonic of Nd3+:YAG was focussed to ∼ 300µm,
onto a rotating and translating graphite rod and ablated carbon was co-expanded
in the presence of helium at a backing pressure of 8 bar. A laser with 30 ps pulses,
operating at 10 Hz repetition rate was used for all the experiments. The mass
spectrum of the laser ablation products, recorded using 10.5 eV photons produced
by tripling the 355 nm radiation in a Xe/Ar gas cell (Figure 8.1), allowing one
photon ionization for species Cn (n ≥ 6). A [1+1] REMPI technique was applied
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in the 210−310 nm range to record the spectra. For experiments involving [1+1’]
REMPI, the tunable UV wavelength excited the molecule and 266 nm was used
for subsequent ionization.
8.2 Results and discussion
8.2.1 (2)3Σ−u − X3Σ−g electronic transition of C6 and C8
215 220 225 230 235 240
O/ nm
C
6
Figure 8.2: (2)3Σ−u −X3Σ−g electronic spectrum of linear C6 in the gas phase mea-
sured by [1+1] resonance enhanced multiphoton ionization method
using 30 ps laser.
The (2)3Σ−u − X3Σ−g electronic spectrum of linear C6 recorded with the 30
ps laser using the [1+1] REMPI method is presented in Figure 8.2. It is
similar to the one obtained earlier with a 10 ns laser [9]. A broad absorp-
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230 240 250 260 270 280
C
8
O/ nm
Figure 8.3: (2)3Σ−u −X3Σ−g electronic spectrum of linear C8 in the gas phase mea-
sured by [1+1] resonance enhanced multiphoton ionization method
using a 30 ps laser.
tion with a maximum at 230.2 nm is observed, indicating a short-lived ex-
cited state due to fast internal conversion. Dissociation via the de-excitation
channel has been proven by previous observation of the (2)3Σ−u − X3Σ−g tran-
sition using a dissociative hole burning technique [9]. A theoretical study on
the photodynamics of linear C6 predicts the least energetic dissociation channel,
C6(X3Σ−g )→C3(X1Σ+g )+C3(X1Σ+g ), at ∼ 3.50 eV [23]. This is a spin forbid-
den process which can arise from the B1Σ+g excited state of C6 (De ∼ 3.16 eV).
However, the next pathway, C6(X3Σ−g )→C3(X1Σ+g )+C3(a3Πu), at ∼ 5.44 eV is
spin allowed. The molecule undergoes fast interconversion (<30 ps, vide infra)
from the (2)3Σ−u excited state to highly excited vibrational levels of the ground
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X3Σ−g electronic state, lying above the dissociation threshold and subsequently
dissociates via C3(X1Σ+g )+C3(a
3Πu).
A [1+1’] REMPI experiment was undertaken to determine the lifetime of the
(2)3Σ−u excited electronic state. A 30 ps, 266 nm radiation was used for ionization.
The observed spectrum of C6 was similar to Figure 8.2. The excited-state lifetime
was determined by setting the first photon at 230.2 nm, the band maxima of
the (2)3Σ−u − X3Σ−g electronic transition, and then varying the temporal delay
between the 230.2 and 266 nm photons. A decrease in the C+6 signal intensity
with delay was observed, which, however, was similar to the autocorrelation curve
of both laser pulses. This indicates a (2)3Σ−u lifetime of ≤ 30 ps.
220 230 240 250 260
C
7
O/ nm
Figure 8.4: 1Σ+u −X1Σ+g electronic spectrum of linear C7 measured by [1+1] res-
onance enhanced multiphoton ionization method using a 30 ps laser.
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Figure 8.3 presents the (2)3Σ−u − X3Σ−g electronic spectrum of linear C8
recorded with the 30 ps laser using the [1+1] REMPI method. As for C6, the
absorption has a rather broad contour indicating a lifetime of ≤ 30 ps for the
(2)3Σ−u electronic state.
8.2.2 1Σ+u − X1Σ+g electronic transition of C7 and C9
260 270 280 290 300 310
C
9
O/ nm
Figure 8.5: 1Σ+u −X1Σ+g electronic spectrum of linear C9 measured by [1+1] res-
onance enhanced multiphoton ionization method using a 30 ps laser.
The 1Σ+u − X1Σ+g transition (Figure 8.4) is the first electronic spectrum of
linear C7 observed in the gas phase. There was an earlier attempt to record this
spectrum, employing a ns laser, but it was unsuccessful [9]. It was assumed that
the [1+1] REMPI spectrum could not be observed either because of inefficient
production of linear C7 in the laser vaporization source or for energetic reasons as
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two resonant photons might not be enough to ionize linear C7 or both. However,
with the present observation of this transition, using a source similar to the one
used in Ref. 9, both these reasons can be discarded. A more plausible explanation
for previous non-observation is that the 1Σ+u excited state is short lived and the
photon density within a 10 ns pulse was not high enough for a two-photon process
to occur. This is consistent with the broad spectral contour observed with a ps
laser indicating a fast decay from the excited state.
The ps [1+1] REMPI spectrum of the 1Σ+u −X1Σ+g electronic transition of linear
C9 shows a broad contour (Figure 8.5), indicating a short lived excited state. The
reason for non-detection of this transition earlier by a ns laser [9] is likely the same
as in the case of C7: initial fast internal conversion from the excited state.
8.3 Conclusion
The (2)3Σ−u − X3Σ−g electronic spectrum of C6 and C8 have been measured in
the gas phase by mass-resolved [1+1] REMPI using a ps laser. The lifetime of
the (2)3Σ−u excited state of C6 is estimated to be < 30 ps. Due to limitations of
the experimental optics, a [1+1’] measurement could not be carried out for C7,
C8 and C9.
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9 Conclusion
This work describes the experimental measurements and spectroscopic analysis
of several transient molecules. These species were produced using pulsed laser
ablation or electric discharge coupled with supersonic expansion and their elec-
tronic spectra were recorded using resonance enhanced multiphoton ionization
(REMPI) technique coupled with time-of-flight (TOF). A combination of REMPI
and TOF provides a powerful tool for unambiguous identification of the carrier of
any spectral feature, with a particular mass signature.
Silver monosulfide has been spectroscopically characterized in the gas phase for
the first time and electronic transitions were detected in the near-infrared and
ultraviolet. Bands in the 10 000 cm−1 to 11 000 cm−1 region are assigned to the
A2Σ+ − X2Πi electronic transition, based on a rotational analysis. The small
change in the rotational constant between the X2Π ground and A2Σ+ excited
states indicate only a small change in Ag−S bond length on electron promotion.
This is consistent with the dominant Frank-Condon factor for the 0−0 transition
in the vibronic spectra. The spin-orbit coupling constant for the ground state gives
an insight into the contribution of various electronic configurations to bonding in
AgS. In the UV, band origin and vibronic progressions have been identified for
seven different systems. The lower energy terminus for all the UV transitions has
been assigned to X2Π ground state, but the excited electronic state can only be
determined from rotational analysis of high resolution spectra. Efforts are under
way to analyse overlapping band systems in the 25 500 - 26 500 cm−1 region, for
which high resolution spectra have been recorded.
Electronic spectra of transition metal dioxides, TiO2 and ZrO2 have been
recorded in the visible and UV regions. The visible transition for both the
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molecules has been assigned to A 1B2 − X 1A1 electronic system. There are many
similarities in their spectra, such as a significant decrease in ω2 and ω3 and a slight
decrease in ω1 upon excitation from the X 1A1 to A 1B2 state. Also, a long pro-
gression in both the cases are observed, suggesting a significant geometry change
between the states. There is one striking difference, the observation of odd-ν3
quanta in the case of ZrO2, which provides an evidence for vibronic coupling
between A 1B2 state and the next higher state, due to a breakdown of Born-
Oppenheimer approximation. The observed UV transitions for these molecules
are distinct, suggesting a different electronic manifold in each case, as has been
predicted by theory.
Silicon trimer provides another interesting case for a breakdown of the Born-
Oppenheimer approximation. The ground state electronic configuration of Si3 in
the high symmetry D3h geometry is (5a´1)2(2a˝2)2(6e´ )2, which gives rise to 3A´2,
1A´1 and 1E´ lower states. According to calculations, and as predicted by Hund’s
rule, 3A´2 is the least energetic state. However, due to Jahn-Teller and pseudo
Jahn-Teller effects, the 1A1 component of the 1E´ term is stabilized and crosses the
undistorted 3A´2 ground state to produce a global minimum of C2v geometry. The
3A´2 and 1A1 are nearly iso-energetic and both get populated even under supersonic
expansion conditions, complicating the spectrum in the 17 000 cm−1 to 22 000 cm−1
region. A progression of ∼ 445 cm−1 interval with origin at 18 600 cm−1 is assigned
to the 3A˝1 − 3A´2 transition. The transitions in the singlet manifold are more
difficult to assign due to the presence of non-adiabatic effects. Based on the
current theoretical knowledge, absorption features are assigned to 1B1− 1A1 and
dark 1A2− 1A1 transitions from the JT distorted C2v geometry, however, better
understanding is required to fully understand the singlet manifold of Si3.
UV electronic transitions of linear carbon chains, C6−9 were measured by [1+1]
REMPI technique, using a picosecond laser; it is the first detection of an electronic
transition of C7 in the gas phase. The (2)3Σ−u −X3Σ−g electronic spectra of C6 and
C8, and the 1Σ+u − X1Σ+g ones for C7 and C9 display broad contours, indicating
an excited state lifetime less than the temporal width of the laser pulse (30 ps).
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The intramolecular dynamics of the excited electronic states of the studied carbon
chains are considered.
Spectroscopic measurements, other than providing information about the fun-
damental properties of molecules, can enrich the understanding of the universe.
Laboratory data can be compared against the spectral lines from stars, comets,
dust clouds, etc. to determine their composition and to understand the molecu-
lar chemistry taking place in these environments. TiO [1, 2] and ZrO [3, 4] have
previously been detected in stellar atmospheres via their optical transitions; the
presented gas phase spectra of TiO2 and ZrO2 provide a guide for optical detection
of these molecules in stellar environments. Similarly, SiC2 [5–7] and C3 [8,9] have
been detected in molecular clouds by their electronic spectra, and the study of
isovalent Si3 has an astronomical interest.
Carbon chains have been considered as potential carriers of Diffuse Interstellar
Bands (DIBs) [10]. Research on the electronic transitions of such chains in the
laboratory and in comparison with astronomical data have led to the conclusion
that the smaller carbon chains Cn (n < 15) can not be responsible for the stronger
DIBs [11], as the oscillator strength and column densities considered in combina-
tion are insufficient for the species absorbing in the usual 400−900 nm DIB range.
However, the concept of intramolecular broadening affects the absorption pro-
files, even for the smaller chains Cn (n = 6 − 9). This has been demonstrated
in the study using a picosecond pump-probe technique. The internal conversion
leads to ps lifetimes of the excited electronic states and corresponding broadened
absorptions.
In summary, REMPI coupled with TOF has been successfully applied to spec-
troscopically characterise several transient molecules. In addition to giving an
insight into the fundamental properties of studied molecules, the laboratory spec-
tra provide a lead for their astronomical detection.
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